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A B S T R A C T

Posttraumatic stress disorder (PTSD) is a highly disabling condition associated with alterations in multiple
neurobiological systems, including increases in inflammatory function. Vagus nerve stimulation (VNS) decreases
inflammation, however few studies have examined the effects of non-invasive VNS on physiology in human
subjects, and no studies in patients with PTSD. The purpose of this study was to assess the effects of trans-
cutaneous cervical VNS (tcVNS) on inflammatory responses to stress. Thirty subjects with a history of exposure to
traumatic stress with (N ¼ 10) and without (N ¼ 20) PTSD underwent exposure to stressful tasks immediately
followed by active or sham tcVNS and measurement of multiple biomarkers of inflammation (interleukin-(IL)-6,
IL-2, IL-1β, Tumor Necrosis Factor alpha (TNFα) and Interferon gamma (IFNγ) over multiple time points. Stressful
tasks included exposure to personalized scripts of traumatic events on day 1, and public speech and mental
arithmetic (Mental Stress) tasks on days 2 and 3. Traumatic scripts were associated with a pattern of subjective
anger measured with Visual Analogue Scales and increased IL-6 and IFNγ in PTSD patients that was blocked by
tcVNS (p < .05). Traumatic stress had minimal effects on these biomarkers in non-PTSD subjects and there was no
difference between tcVNS or sham. No significant differences were seen between groups in IL-2, IL-1β, or TNFα.
These results demonstrate that tcVNS blocks behavioral and inflammatory responses to stress reminders in PTSD.
1. Introduction

Posttraumatic Stress Disorder (PTSD) is a disabling disorder that af-
fects the quality of life and productivity of millions of Americans
(Bremner, 2016). The standard of care for PTSD includes psychotherapy
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fact, a report from the Institute of Medicine stated that there is not suf-
ficient evidence to conclude that the first line medication treatment,
Selective Serotonin Reuptake Inhibitors (SSRIs), are effective for PTSD
(Institute of Medicine of the National Academies, 2014). Based on these
facts, new approaches to the treatment of PTSD are needed. Treatments
that target the psychobiology of PTSD, involving core changes in brain
and autonomic nervous system (Reinertsen et al., 2017; Shah et al., 2013)
and immune function (Neigh and Ali, 2016), may have promise for
modulating the underlying basis for the disorder (Bremner, 2016; Shah
et al., 2013).

Neuromodulation treatments that use electricity are a promising new
approach to mental disorders that may act through effects on the un-
derlying neurobiology of these disorders (Adair et al., 2020; Bikson et al.,
2016, 2017b; Krames et al., 2018; Schachter and Saper, 1998; Tortella
et al., 2015; Woods et al., 2016). Vagal Nerve Stimulation (VNS) is a form
of neuromodulation that has been shown to be efficacious in the treat-
ment of epilepsy (Ben-Menachem et al., 1994, 1999; George et al., 1994;
Handforth et al., 1998; Salinsky et al., 1999; The Vagus Nerve Stimula-
tion Study Group, 1995) and treatment-refractory major depression
(Berry et al., 2013; Brunoni et al., 2013, 2016, 2017; Dell-Osso et al.,
2013; George et al., 2000, 2003, 2005; Marangell et al., 2002; Rush et al.,
2000, 2005a, 2005b; Sackeim et al., 2001a, 2001b, 2007). FDA-approved
VNS for these conditions involves surgical implantation in the brainstem
with direct electrical stimulation of the vagus nerve (Aaronson et al.,
2017; George et al., 2003; Terry, 2014). VNS has effects that may be
beneficial for neurophysiological alterations associated with PTSD,
including blocking of sympathetic (Pena et al., 2014; Pe~na et al., 2013;
Schomer et al., 2014) and immune function (Bansal et al., 2012; Bor-
ovikova et al., 2000), and enhancement of cognition (Clark et al., 1999;
Jacobs et al., 2015; Sackeim et al., 2001a; Sj€ogren et al., 2002; Smith
et al., 2005; Sun et al., 2017; Vonck et al., 2014). The requirement for
surgical implantation, however, has limited the widespread imple-
mentation of VNS to psychiatry due to cost, inconvenience (Bremner and
Rapaport, 2017; Marangell et al., 2002; Sackeim et al., 2001b), and lack
of reimbursement by Medicare or other insurance companies (Feldman
et al., 2013).

Dysregulated immune function is associated with stress and PTSD
(Neigh and Ali, 2016; Passos et al., 2015). Mental stress in the laboratory
in human subjects, including patients with coronary artery disease
(CAD), is associated with increases in several inflammatory markers,
including interleukin-6 (IL-6) (Hammadah et al., 2018; Marsland et al.,
2017; Rooks et al., 2016), IL-1β (Lerman et al., 2016; Marsland et al.,
2017), IL-10 (Marsland et al., 2017), and tumor necrosis factor (TNF)α
(Marsland et al., 2017). Multiple studies show an increase in inflamma-
tory factors at baseline in patients with depression (Akosile et al., 2018;
Alcocer-G�omez et al., 2014; Capuron et al., 2008; Felger et al., 2016; Guo
et al., 2015; Kiecolt-Glaser et al., 2007; Miller et al., 2009; Miller and
Raison, 2016; Su et al., 2009; Vaccarino et al., 2008) and early trauma
(Danese et al., 2007, 2008, 2011; Danese and McEwen, 2012; Rooks
et al., 2012). Consistent with these studies, PTSD patients show increased
inflammation (Gill et al., 2009), including increased baseline concen-
trations of leukocytes (Boscarino and Chang, 1999; Eswarappa et al.,
2019), IL-6 (Gill et al., 2010; Gill et al., 2008; Guo and Tao Liu, 2012; Li
et al., 2014; Lindqvist et al., 2017; Miller et al., 2001; Passos et al., 2015;
Sutherland et al., 2003; Tucker et al., 2010; Vidovic et al., 2011; von
Kanel et al., 2010b), IL1β (Lindqvist et al., 2014; Passos et al., 2015; von
K€anel et al., 2007), TNF-α (Gill et al., 2010; Lindqvist et al., 2017;
Lindqvist et al., 2014; Passos et al., 2015; Sutherland et al., 2003; Vidovic
et al., 2011; von K€anel et al., 2007), IFNγ (Guo and Tao Liu, 2012; Hoge
et al., 2009; Lindqvist et al., 2014; Passos et al., 2015; Woods et al., 2005;
Zhou et al., 2014), intercellular adhesion molecule-1 (ICAM-1) (Plan-
tinga et al., 2013; von Kanel et al., 2010a), vascular cell adhesion
molecule-1 (VCAM-1) (von Kanel et al., 2010a), hsCRP (Eraly et al.,
2014; Eswarappa et al., 2019; Heath et al., 2013; Lindqvist et al., 2017;
Miller et al., 2001; Plantinga et al., 2013), and in one study, IL-2, IL-4,
IL-8, and IL-10 (Guo and Tao Liu, 2012). Other studies showed no
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increase in IL-6 (Agorastos et al., 2019; Bruenig et al., 2018; McCanlies
et al., 2011; Plantinga et al., 2013; von K€anel et al., 2007), CRP (Baumert
et al., 2013; Bruenig et al., 2018; Lindqvist et al., 2014; McCanlies et al.,
2011; Sutherland et al., 2003; von Kanel et al., 2010b), IL-4 (von K€anel
et al., 2007), IL-10 (Lindqvist et al., 2017; Lindqvist et al., 2014; von
K€anel et al., 2007), IL-1β (Lindqvist et al., 2014), or IFN-γ (Bruenig et al.,
2018). One study found increased diurnal cerebrospinal fluid (CSF) IL-6
but not plasma IL-6 in PTSD (Baker et al., 2001). Other studies showed
altered genotype in genes modulating immune function in PTSD (Guar-
dado et al., 2016). We recently found enhanced IL-6 response to mental
stress involving public speaking in CAD patients with PTSD compared to
CAD patients without PTSD (Lima et al., 2019). In summary, studies
implicate altered immune function in PTSD, with a recent meta-analysis
showing the largest effects for IL-6 and IFNγ (Passos et al., 2015).

VNS has effects on inflammation that may be beneficial for PTSD
(Borovikova et al., 2000; Brock et al., 2017; Corcoran et al., 2004; Cor-
si-Zuelli et al., 2017; Das and Basu, 2008; Das, 2007, 2011; Li and
Olshansky, 2011). IL-6 and TNF-α are modulable by the vagus nerve (Jan
et al., 2010; Marsland et al., 2007). In animal studies VNS blocks lipo-
polysaccharide (LPS)-induced increases in IL-6, IL-18, IL-1β (Borovikova
et al., 2000) and TNF-α (Bansal et al., 2012) but not IL-10 (Borovikova
et al., 2000). Studies in patients with epilepsy and implanted VNS devices
showed that long-term treatment resulted in decreased LPS-induced IL-6
(De Herdt et al., 2009) and neurotoxic kynurenic metabolites (Majoie
et al., 2011) with no effect on IL-6, IL-10, IL-1β, or TNF-α (De Herdt et al.,
2009).

A new generation of non-invasive devices have been developed for
stimulation of the vagus nerve in the periphery (Bremner and Rapaport,
2017; Polak et al., 2009; Yoo et al., 2013). These non-invasive VNS
(nVNS) techniques that stimulate the vagus in the ear (transcutaneous
auricular VNS, or taVNS) or neck (transcutaneous cervical VNS (tcVNS))
have the potential for wide-spread implementation in patients with
mental disorders (Bremner and Rapaport, 2017), however their effects on
neurobiology, including immune function, have not been extensively
studied. One study in healthy human subjects showed that tcVNS resulted
in decreased TNF-α, IL-1β, IL-8, MIP and MCP-1 (Lerman et al., 2016),
while another in PTSD patients showed reductions in TNF-α, but not
IL-1β, IL-2 or IL-4 (Brock et al., 2017). tcVNS applied twice daily in an
open-label, non-sham controlled study for 26 days in patients with
Sj€ogren’s Syndrome resulted in reductions in baseline levels of Il-6,
TNF-α, IL-1β, and MIP (Tarn et al., 2019). No studies have looked at
the effects of taVNS or tcVNS on stress-induced changes in immune
function. We previously reported that tcVNS in traumatized healthy
human subjects with and without PTSD blocked peripheral sympathetic
and enhanced parasympathetic responses both at baseline and in
response to both personalized traumatic scripts and mental stressors
(Gurel et al., 2020a, 2020b, 2020c), and other studies reported that
taVNS blocked sympathetic function in patients with co-morbid mild
Traumatic Brain Injury (mTBI) and PTSD (Lamb et al., 2017). We hy-
pothesized these effects would be associated with a decrease in inflam-
mation. In the current study, we examined the effects of tcVNS on
peripheral cytokine response to personalized traumatic scripts and
neutral mental stressors in the form of public speaking and mental
arithmetic in traumatized subjects with and without PTSD. We hypoth-
esized that tcVNS would block the effects of stress on IL-6 and IFNγ in
PTSD.

2. Materials and methods

2.1. Human subjects

The research reported here (ClinicalTrials.Gov # NCT02992899) was
approved by the Institutional Review Boards of Emory University,
Georgia Institute of Technology, and the Space and Naval Warfare Sys-
tems Command (SPAWAR) Systems Center of the Pacific and the
Department of Navy Human Research Protection Program. Subjects

http://ClinicalTrials.Gov
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provided written, informed consent for participation. Subjects included
physically healthy adults age 18–70 with a history of psychological
trauma with and without the current diagnosis of posttraumatic stress
disorder (PTSD) (Fig. 1). Subjects were excluded with the diagnosis of
schizophrenia, schizoaffective disorder, bipolar disorder, bulimia or
anorexia, as defined by The Diagnostic and Statistical Manual of Mental
Disorders (DSM-5) (American Psychiatric Association, 2013) (American
Psychiatric Association, 2013). Subjects were also excluded with current
pregnancy, traumatic brain injury (TBI), meningitis, active implanted
device, evidence or history of serious medical or neurological illness,
such as cardiovascular, gastrointestinal, hepatic, renal, or other systemic
illness; carotid atherosclerosis, cervical vagotomy or positive toxicology
screen. Psychiatric diagnosis was evaluated with the Structured Clinical
Interview for DSM (SCID) (First and Gibbon, 2004). The Clinician
Administered PTSD Scale (CAPS) was administered to evaluate for
presence and severity of both current and lifetime PTSD (Blake et al.,
1995). Among 129 individuals who were screened for eligibility, 60 were
enrolled and randomized to active or sham stimulation and 30 did not
complete the protocol due to being lost to followup or technical reasons
(Fig. 1). Thirty participants with a history of psychological trauma based
on DSM criteria including 12 females completed the protocol at Emory
University School of Medicine betweenMay 2017 and October 2018. The
Structured Clinical Interview for DSM-IV (SCID) was used to evaluate for
psychiatric diagnosis (First and Gibbon, 2004). Ten subjects met criteria
for current PTSD and 20 had a history of trauma without current PTSD. In
the PTSD group, one (10%) met criteria for current co-morbid major
depression and five (50%) for a lifetime history of major depression, two
(20%) for current generalized anxiety disorder, one (10%) for current
Fig. 1. CONSORT diagram showing flow of study particip
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panic disorder with agoraphobia, one (10%) for current agoraphobia
without panic disorder, one (10%) for current obsessive-compulsive
disorder, one (10%) for current social phobia, one (10%) for a lifetime
history of sedative/hypnotic abuse, one (10%) for a lifetime history of
opioid abuse, and one (10%) for a lifetime history of cocaine abuse. In the
non-PTSD group, 2/20 (10%) met criteria for current and lifetime major
depression, one (5%) for a lifetime history of alcohol abuse, one (5%) for
a lifetime history of marijuana abuse, one (5%) for a lifetime history of
stimulant abuse, one (5%) for a lifetime history of opioid abuse, and one
(5%) for a lifetime history of hallucinogen/PCP abuse. No subjects met
criteria for current alcohol or substance abuse.

2.2. Study design

The participants provided their own traumatic experiences, and
personalized voice recordings based on these experiences were presented
as traumatic stress (Bremner et al., 1999; Orr et al., 1998). Subjects un-
derwent exposure to personalized traumatic scripts in conjunction with
tcVNS or sham on day 1, and “neutral” stressful tasks with tcVNS or sham
on days 2 and 3 including public speech and mental arithmetic (Fig. 2)
(Bremner et al., 2003, 2009; Burg and Soufer, 2014). We have described
these paradigms in detail before and they have been shown to reliably
produce behavioral and physiological responses consistent with a stress
response (Bremner et al., 2003, 2009; Hammadah et al., 2017b). The first
day included six traumatic recall scripts (approximately 1-min each) and
six neutral scripts presented audibly through headphones. The neutral
scripts were designed to induce positive feelings to the subject, such as
the description of pleasant scenery. Immediately after the traumatic
ants screened, enrolled, and completing the protocol.



Fig. 2. Diagram of the study protocol. Traumatized
participants with and without PTSD underwent three
days of stress, one day (Day 1) with neutral scripts
(NS) and personalized traumatic scripts (TS), and two
days (Days 2 and 3) with mental stress (MS) involving
public speaking and mental arithmetic tasks. Partici-
pants underwent randomized, double-blind assign-
ment to tcVNS or sham stimulation which was paired
with stress tasks (or no task) on Days 1, 2 and 3. On
Day 1 neutral and traumatic scripts lasted about 1 min
and occurred in pairs with 10 min in between. Stress
tasks were paired with stimulation with tcVNS or
sham which began immediately after termination of
the task and continued for 2 min followed by a blood
draw (purple/blue boxes signify pairing of task/
stimulation/blood draw but blood draw actually
occurred at the termination of stimulation). On Day 1
participants also underwent stimulation with tcVNS or
sham for 2 min in the absence of a task (N) repeated
twice with 10 min in between followed by a blood
draw. Neutral and traumatic script pairs were
repeated followed by a 60 min rest and lunch break,
with a repeat of neutral and traumatic script pairs in
the afternoon each paired with blood draws. The
neutral scripts tasks #11 and #12 were followed by a
blood draw (which was about 110 min after the first
trauma script pairs at tasks #3 and #4) and the
trauma scripts tasks #13 and #14 paired with tcVNS
or sham were followed by the final blood draw at 210
min into Day 1 (Traumatic Stress). On Day 2 after a
baseline blood draw at rest (task #15) participants
underwent mental stress (MS) involving 5 min of
public speaking (task #16) with tcVNS or sham at the
end, followed by an 8 min rest period, and another 5
min of mental arithmetic (task #17) followed by
tcVNS or sham. After a 90 min rest period participants
underwent a blood draw at rest (task#18). This was
repeated for Day 3 with baseline (task #19, public
speaking (task #20), mental arithmetic (task #21)
and a blood draw post-task at rest (task #22). The
blood draws for all three days were timed to coincide
with the roughly 90 min time course of interleukin-6
(IL-6) response to stress based on prior studies. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)
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stress recording ended, stimulation (active or sham) was applied by the
researcher from the left side of the neck. Behavioral ratings after each
task were performed using Visual Analogue Scales (VAS) rating subjec-
tive anger on a 0–100 scale with 100 being most extreme anger and 0 not
at all (Southwick et al., 1993). On the same day two stimulation ad-
ministrations (active or sham) were applied without any stressor. Blood
draws were taken on the start of the day (baseline) and after every four
scans on this day. The second and third days were identical to each other.
Baseline blood drawswere taken bothmornings. Afterwards, participants
underwent a public speech task and mental arithmetic task, as previously
described (Gurel et al., 2020b; Hammadah et al., 2017a). Stimulations
were applied immediately after the public speech and mental arithmetic
tasks. First, the subjects underwent a public speech task for which they
were required to provide a 2-min long defense statement in a scenario
where they were accused of theft. After hearing the scenario details, they
were given 2 min to prepare their defense and 2 min to present their
statement. Stimulation was applied immediately after the public speech
task. Later, the subjects rested for 8 min in silence. At the end of the 8
min, the subjects were given another task for which they were required to
answer series of arithmetic questions for 3 min. A researcher provided
negative feedback for incorrect answers and delayed response times. A
second stimulation was applied immediately after the arithmetic task.
4

After two mental stressors and two stimulation administrations, the
subjects were given a 90-min break. After the break, a second blood draw
was taken.
2.3. Blinding

The participants were randomized into active tcVNS or sham groups
with pre-numbered devices by the manufacturer who were not involved
in the research. Random allocation was carried out by personnel who did
not take part in data collection or analyses. The participants and re-
searchers were blinded to the stimulus type. Statistical analyses were
carried out by a biostatistician who did not take part in data collection or
processing. Stimulus groups was un-blinded for the interpretation of
statistical analysis.
2.4. Transcutaneous cervical vagal nerve stimulation

Both active tcVNS and sham stimuli were administered using hand-
held GammaCore devices (ElectroCore, Basking Ridge, New Jersey).
Stimulation was applied using collar, stainless steel electrodes with a
conductive electrode gel placed on the left side of the neck over the ca-
rotid sheath as determined by palpation of the carotid artery. Active



Table 1

PTSD-
VNS (n ¼
5)

PTSD-
Sham (n
¼ 5)

Non-
PTSD-VNS
(n ¼ 11)

Non-PTSD
Sham (n ¼
9)

Overall
(n ¼ 30)

Age
Mean (SD) 29 (8) 32 (8) 30 (9) 34 (12) 31 (9)
Race
White 1 (20%) 2 (40%) 6 (55%) 5 (56%) 14 (47%)
Black 3 (60%) 1 (20%) 3 (27%) 1 (11%) 8 (27%)
Other 1 (20%) 2 (40%) 2 (18%) 3 (33%) 8 (27%)
Sex
Female 5 (100%) 2 (40%) 5 (45%) 5 (56%) 17 (57%)
Male 0 (0%) 3 (60%) 6 (55%) 4 (44%) 13 (43%)
BMI
Mean (SD) 25 (8) 31 (5) 27 (6) 26 (4) 27 (6)
Education Level
High school
- graduate

3 (60%) 2 (40.0%) 5 (45%) 2 (22%) 12 (40%)

College
graduate

2 (40%) 3 (60.0%) 6 (55%) 7 (78%) 18 (60%)

Marital Status
Never
married

4 (80%) 2 (40%) 7 (64%) 5 (56%) 18
(60.0%)

Married 0 (0%) 1 (20%) 3 (27%) 2 (22%) 6 (20.0%)
Divorced /
Separated

1 (20%) 1 (20%) 1 (9%) 2 (22%) 5 (16.7%)

Widowed 0 (0%) 1 (20%) 0 (0%) 0 (0%) 1 (3.3%)
PTSD Score (PCL)
Mean (SD) 44 (11) 52 (14) 29 (10) 30 (11) 35 (14)
PTSDSS Score
Mean (SD) 29 (8) 24 (17) 17 (14) 19 (5) 18 (14)
Anger Index
Mean (SD) 29 (7) 50 (30) 26 (13) 34 (13) 32 (9)
PSS-10 Score
Mean (SD) 24 (4) 23 (3) 22 (4) 21 (8) 22 (12)
ESSI Score
Mean (SD) 24 (5) 17 (8) 19 (9) 21 (5) 22 (2)
CADSS Score
Mean (SD) 3 (4) 0 (0) 2 (5) 1 (3) 0 (0)
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tcVNS devices produced an alternating current (AC) voltage signal con-
sisting of five 5 kHz sine bursts (1 ms of five sine waves; pulse width¼ 40
ms) repeating at a rate of 25 Hz. The frequency of 25 Hz was chosen
based on prior studies showing optimization of effects on autonomic
function and other measures at this frequency (Adair et al., 2020; Badran
et al., 2018a, 2018b, 2019; Bikson et al., 2017; Hays et al., 2013, 2014;
Hulsey et al., 2017). The sham devices produce an AC biphasic voltage
signal consisting of 0.2 Hz square pulses (pulse width ¼ 5 s) eliciting a
mild sensation. The peak voltage amplitudes for active and sham device
are 30 V and 14 V, for active and sham, respectively. Throughout the
protocol, the researcher gradually increased the stimulation intensity
with a roll switch to the maximum the participant can tolerate, without
pain. Amplitude dosing is dependent on subjective pain perception: re-
searchers slowly increase the amplitude with a roll switch until the
subjects instruct to stop. The active group received 17.8 V (� 6.6 SD), and
sham group received 13.5 V (� 1.5 SD) averaged across all uses over
three days, in this sample. An active stimulation amplitude higher than
15 V using the studied device was previously reported to create vagal
somatosensory evoked potentials associated with vagal afferent activa-
tion, that are also activated with VNS implants (Nonis et al., 2017). Both
active and sham devices delivered 2 min of stimulation. The stimulation
intensity was adjustable using a roll switch that ranged from 0 to 5 a.u.
(arbitrary units) with a corresponding peak output ranging from 0 to 30 V
for active n-VNS, and from 0 to 14 V for the sham device. During each
application, the stimulation intensity was increased to the maximum the
subject could tolerate, without pain. The stimulation continued at the
selected intensity. In this sample for blood draw analysis, the active
tcVNS group (n ¼ 16 participants) received 3.00 a.u. (�1.09) mean
(�SD) and the sham group (n ¼ 14 participants) received 4.74 a.u.
(�0.69) averaged across all fourteen uses over three days, regardless of
the disease status. In the active group, patients with PTSD (n ¼ 5)
received 2.94 a.u. (�1.09) and participants without PTSD received 3.02
a.u. (�1.09). In the sham group, patients with PTSD (n¼ 5) received 4.75
a.u. (�0.63) and participants without PTSD (n ¼ 9) received 4.74 a.u.
(�0.72). No participants reported lack of sensation.

2.5. Biomarker assay

We performed multiplex assays to measure IL-1β, IL-2, IL-6, TNFα,
and IFN-γ purchased from Meso Scale Discovery. All experimental op-
erations were in accordance with standard protocols. R2s of the standard
curves for each plate were greater than 0.999.

2.6. Statistical analysis

Analysis of variance (ANOVA) tests were used to compare the de-
mographic characteristics across the tcVNS treatment or sham stimula-
tion group among patients with PTSD and healthy participants. We used
ANOVA and linear regression models to measure the association between
the cytokine levels and PTSD status, with or without tcVNS treatment
effect. The beta coefficients (ß) from the mixed models indicate the
adjusted average percent or absolute differences in the changes of pa-
rameters from the corresponding rest values, comparing active vs. sham
device types. ß were reported along with 95% confidence intervals (CI)
and P-values. A two-sided p < 0.05 denoted statistical significance. All
statistical analyses were performed using SAS 9.4 (SAS Institute, Cary,
NC) and MATLAB (R2017b, Natick, MA).

3. Results

Participant groups were similar in age, body mass index, race, edu-
cation level and marital status (Table 1). The average age of this popu-
lation was 30 (SD ¼ 9), and the average BMI was 27 (SD ¼ 5.60). Among
all the participants, 18 (50%) were White / Caucasian, 21 (58%) were
female, and consistent with prior reports (Kessler et al., 1995), 9/12
(75%) of the PTSD patients were female. All of the PTSD participants
5

randomized to VNS were female (Fisher’s Exact p ¼ 0.045), and the
gender proportion in the other groups was similar.

Exposure to personalized traumatic scripts resulted in greater in-
creases in subjective anger on the VAS in PTSD patients compared to
traumatized non-PTSD participants, and there was a pattern of greater
blunting of response in the tcVNS compared to the sham stimulation
group for PTSD patients (Fig. 3). Non-PTSD participants had minimal
anger responses for both tcVNS and sham stimulation groups (Fig. 3).

Exposure to personalized traumatic scripts in conjunction with sham
stimulation resulted in an increase in IL-6 in PTSD but not non-PTSD
participants that was greater following repeated exposure to personal-
ized traumatic scripts (Day 1) than for mental stress (public speaking and
mental arithmetic on Days 2 and 3), that peaked about 90 min after
exposure to the first traumatic scripts and was blocked by tcVNS (ß ¼
0.474, 0.009–0.939 95% CI, p ¼ 0.046) (Figs. 4 and 5). There was
minimal effect on IL-6 for neutral mental stress (public speaking and
mental arithmetic) on days 2 and 3 in either the PTSD or non-PTSD, sham
or tcVNS groups. Personalized traumatic scripts resulted in an immediate
and marked rise in IFN-γ on Day 1 in the PTSD but not the non-PTSD
participants (Fig. 6). The traumatic script-induced increase in IFN-γ
was blocked by tcVNS versus sham (ß ¼ -0.246, -0.470 – -0.022 95% CI,
p ¼ 0.032) (Fig. 5). There were no statistically significant differences
between tcVNS of sham stimulation groups in IL-2, IL-1β or TNF-α
(Table 2).

4. Discussion

Non-invasive transcutaneous cervical vagus nerve stimulation
(tcVNS) in this study blocked an increase in the inflammatory marker
interleukin-6 (IL-6) and Interferon-γ (IFN-γ) seen with personalized
traumatic scripts in PTSD patients administered sham stimulation. Non-



Fig. 3. Effects of tcVNS (red line) or sham (blue line)
on subjective anger as measured with the Visual
Analogue Scale (VAS) at baseline (B) and with neutral
scripts (NS) and trauma scripts (TS). PTSD patients
(left side) had greater anger responses to trauma
scripts than non-PTSD traumatized participants, an
effect that showed a pattern of being blunted by
pairing with active tcVNS. (For interpretation of the
references to colour in this figure legend, the reader is
referred to the Web version of this article.)

Fig. 4. Effects of tcVNS (red line) or sham (blue line)
on interleukin-6 (IL-6) response to stress in patients
with PTSD (left side) and traumatized participants
without PTSD (right side). See Fig. 1 for a complete
description of task numbers and condition types. On
day 1 (personalized traumatic script day) blood was
drawn at baseline (B), after the second presentation
(task #4) of two trauma scripts 2 min in length paired
with VNS or sham with 10 min between each script/
stimulation pairing (TS), after the second (task #6) of
two VNS/sham stimulations without task (N), after
the second of two neutral scripts (NS) (task #8), after
the second presentation (task #10) of two trauma
scripts (TS) following the same protocol as before
paired with VNS or sham. VNS or sham (TS), after the
second of two neutral scripts (task #12), and after the
second presentation (task #14) of two trauma scripts
(TS) following the same protocol as before paired with
tcVNS or sham. Toward the end of Day 1 with
repeated TS there was an increase in IL-6 greater in
sham versus tcVNS in PTSD patients (*) that occurred
90 min after the presentation of the first trauma
scripts (Time points #12 and #14)(p < .05). On Day 2
(D2) participants underwent a baseline blood draw at
rest (task #15) and 90 min after mental stress (MS) in
the form of public speaking and mental arithmetic
paired with tcVNS or sham (task #18). On Day 3 (D3)
participants again underwent a baseline blood draw at
rest (task #19) and 90 min after mental stress (MS)
using the same protocol as D2 (task #22). There were
no significant differences between sham or active on
days 2 or three with mental stress (MS, public
speaking and mental arithmetic) compared to each
days’ baseline in PTSD. Non-PTSD participants
showed no difference between active or sham for
either trauma scripts (Day 1) or mental stress (Days 2
and 3). Statistical analysis showed a significant day by
diagnosis by device effect (p < .05), with secondary
analysis showing a significant increase in IL-6 in sham
versus tcVNS in the PTSD group with traumatic scripts
(Day 1, p < .05). (For interpretation of the references
to colour in this figure legend, the reader is referred to
the Web version of this article.)
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PTSD participants with a history of exposure to psychological trauma
overall had minimal IL-6 or IFN-γ increases in response to personalized
traumatic scripts. Personalized traumatic scripts had much greater effects
than mental stress including mental arithmetic and public speaking on IL-
6 and INF-γ in PTSD patients and therefore the blocking effects of tcVNS
were more prominent. Active tcVNS also blocked subjective anger related
to exposure to personalized traumatic scripts in PTSD patients.
6

The vagus nerve has both afferent fibers that go to the brain and
efferent fibers that control peripheral organ, autonomic and immune
function. Studies showing that peripheral IL-6 and TNF-α concentrations
vary with changes in heart rate variability (HRV, a marker of para-
sympathetic/sympathetic balance) are consistent with the current find-
ings that the vagus modulates peripheral inflammation (Jan et al., 2010;
Marsland et al., 2007) (Jan et al., 2010; Marsland et al., 2007). The



Fig. 5. Effects of tcVNS (red lines) or sham (blue
lines) on IL-6 in individual traumatized participants
with (PTSD ¼ 1, top figures) and without (PTSD ¼ 0,
bottom figures) PTSD. Lines connect baseline to post-
stress (traumatic scripts) measurements. There was a
significant increase in IL-6 in PTSD patients under-
going sham stimulation. Traumatic scripts had little
effect on IL-6 in non-PTSD participants. *p < .05. (For
interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of
this article.)

Fig. 6. Effects of tcVNS (red line) or sham (blue line)
on Interferon-γ (IFN-γ) response to stress in patients
with PTSD (left side) and traumatized participants
without PTSD (right side). Overall there was a marked
increase in IFN-γ in the PTSD but not the non-PTSD
participants which was most pronounced after the
first traumatic script (task #4) and was largely
blocked by tcVNS but not sham, resulting in a signif-
icant increase in IFN-γ over the three day stress pro-
tocol in the sham group versus active tcVNS (*, p <

.05). (For interpretation of the references to colour in
this figure legend, the reader is referred to the Web
version of this article.)
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current study shows that PTSD patients have an enhanced inflammatory
response to stress, with the greatest effects for personalized traumatic
scripts. Our finding of blocked IL-6 and IFN-γ responses to stress with
tcVNS adds to the growing literature on nVNS affecting central brain and
peripheral autonomic function in human (Frangos et al., 2015; Frangos
and Komisaruk, 2017; Gurel et al., 2020b, 2020c; Lerman et al., 2016,
2018, 2019; Yakunina et al., 2017) and animal studies (Brock et al.,
2017; Chen et al., 2016; Oshinsky et al., 2014).

The effects of tcVNS blocking inflammatory responses and subjective
anger to personalized traumatic script suggests clinical relevance for
PTSD. Exposure to traumatic events can produce strongly encoded
intrusive memories as well as lasting changes in neurobiology, brain
circuits involved in the stress response, and symptoms of PTSD (Bremner
and Pearce, 2016; Merz et al., 2016). Projections of the vagus through the
nucleus tractus solitarius (NTS) extend to the locus coeruleus and hy-
pothalamus, key areas involved in sympathetic hyperarousal in PTSD, as
well as brain areas like the amygdala that are involved in the fear
response and the medial prefrontal cortex / anterior cingulate, which is
involved in both fear extinction and modulation of peripheral neuro-
hormonal responses to stress (Hardy, 1995). tcVNS likely travels through
these central pathways to effect changes in peripheral inflammation.
Cytokines, inflammasomes, and other inflammatory markers have
7

behavioral effects similar to stress-related psychiatric symptoms (Felger
et al., 2013b; Miller and Raison, 2016), so reduction of spikes in IL-6 and
IFN-γ that likely occur multiple times a day with traumatic reminders and
daily stressors in PTSD patients to will likely benefit symptoms driven by
inflammation and lead to improvements in clinical course. Reduction in
subjective anger in addition to improving mental health also likely has
beneficial health effects. For instance, in our studies of coronary artery
disease (CAD) patients, we found not only an increase in mental
stress-induced IL-6 in those with co-morbid PTSD (Lima et al., 2019) but
also that psychological distress (including an aggregate measure of sub-
jective anger, distress and PTSD) was associated with long-term adverse
cardiovascular outcomes.(Pimple et al., 2019) Furthermore, CAD pa-
tients with mental stress-induced myocardial ischemia (MSI) had an in-
crease in PTSD (Lima et al., 2020), and subjective anger response to stress
was associated with MSI (Pimple et al., 2015).

IL-6 and IFN-γ are pro-inflammatory elements of a complex immune
system that is responsible for fighting infections and is also responsive to
stress (Miller et al., 2009). Data has accumulated in recent years that
elevations in inflammatory markers are associated with stress-related
psychiatric disorders, including major depression and PTSD (Miller
et al., 2009). Studies in both animals and humans showed that cate-
cholamines released during stress (including mental stress tasks) act



Table 2
Mean (SD) Concentrations of Interleukin-2 (IL-2), IL-1β and Tumor Necrosis Factor (TNF)-α Over Time in PTSD and Non-PTSD Participants with Active tcVNS or Sham
Stimulation.

IL-2

Time 0 4 6 8 10 12 14 15 18 19 22
PTSD Active 0.17

(0.19)
0.29
(0.19)

0.19
(0.18)

0.21
(0.16)

0.20
(0.18)

0.31
(0.22)

0.18
(0.21)

0.29
(0.19)

0.34
(0.19)

0.34
(0.19)

0.39
(0.16)

PTSD Sham 0.28
(0.21)

0.31
(0.18)

0.23
(0.20)

0.32
(0.18)

0.30
(0.19)

0.34
(0.19)

0.40
(0.16)

0.22
(0.19)

0.20
(0.17)

0.22
(0.17)

0.21
(0.17)

NonPTSD
Active

0.34
(0.22)

0.23
(0.21)

0.32
(0.22)

0.34
(0.22)

0.29
(0.24)

0.37
(0.21)

0.35
(0.20)

0.23
(0.21)

0.32
(0.23)

0.22
(0.22)

0.39
(0.19)

NonPTSD Sham 0.30
(0.21)

0.25
(0.22)

0.24
(0.22)

0.19
(0.20)

0.14
(0.15)

0.24
(0.21)

0.25
(0.21)

0.27
(0.20)

0.27
(0.20)

0.24
(0.20)

0.19
(0.18)

IL-1β
Time 0 4 6 8 10 12 14 15 18 19 22
PTSD Active 0.06

(0.04)
0.09
(0.02)

0.08
(0.04)

0.08
(0.04)

0.07
(0.04)

0.08
(0.04)

0.09
(0.03)

0.11
(0.03)

0.21
(0.27)

0.12
(0.03)

0.10
(0.00)

PTSD Sham 0.10
(0.08)

0.07
(0.04)

0.07
(0.04)

0.08
(0.04)

0.06
(0.03)

0.03
(0.01)

0.05
(0.01)

0.11
(0.08)

0.09
(0.05)

0.11
(0.06)

0.10
(0.05)

NonPTSD
Active

0.05
(0.03)

0.06
(0.04)

0.08
(0.04)

0.05
(0.04)

0.08
(0.07)

0.07
(0.04)

0.05
(0.04)

0.12
(0.08)

0.14
(0.10)

0.12
(0.08)

0.12
(0.09)

NonPTSD Sham 0.08
(0.04)

0.06
(0.03)

0.07
(0.04)

0.09
(0.04)

0.07
(0.04)

0.11
(0.08)

0.09
(0.04)

0.12
(0.06)

0.11
(0.06)

0.09
(0.04)

0.08
(0.05)

TNFα
Time 0 4 6 8 10 12 14 15 18 19 22
PTSD Active 2.60

(0.85)
2.27
(0.88)

2.47
(0.76)

2.41
(0.97)

2.45
(0.60)

2.32
(0.62)

2.27
(0.82)

2.44
(0.72)

2.46
(0.64)

2.55
(0.83)

1.94
(0.17)

PTSD Sham 2.64
(1.35)

2.84
(1.83)

2.50
(1.38)

2.64
(1.51)

2.79
(1.58)

2.55
(1.14)

2.09
(0.53)

2.71
(1.42)

2.73
(1.65)

2.59
(1.48)

2.34
(1.46)

NonPTSD
Active

2.90
(1.47)

2.95
(1.53)

2.89
(1.66)

2.94
(1.56)

2.94
(1.38)

2.74
(1.15)

2.54
(0.73)

3.12
(1.52)

3.17
(1.57)

3.25
(1.26)

2.54
(0.29)

NonPTSD Sham 2.22
(0.50)

2.11
(0.65)

2.10
(0.68)

2.23
(0.42)

2.30
(0.55)

2.14
(0.52)

2.23
(0.44)

3.43
(2.80)

3.43
(2.69)

2.67
(1.05)

2.12
(0.60)
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through the adrenergic receptor to activate the transcription factor, nu-
clear factor-κB (NF-κB), which leads to increases in cytokines, including
IL-6 (Bierhaus et al., 2003). Raison and Miller have hypothesized that
depression and inflammation may have links in evolution (Miller and
Raison, 2016; Raison and Miller, 2013). Depression represents an
illness-related behavior that serves to conserve energy and may be
adaptive in survival, however interpersonal stress may have been a
prelude to violent conflicts in primitive societies where an anticipatory
outpouring of pro-inflammatory factors may have be critical for survival
in the event of life-threatening wounds (Miller and Raison, 2016; Raison
and Miller, 2013). Considerable evidence links elevated immune func-
tion to major depression and PTSD, and relevant to the current study, one
meta-analysis showed that the statistically strongest findings in PTSD
were for IL-6 and IFN-γ (Passos et al., 2015). Several studies showed that
stress is associated with enhances release of IL-6 (Marsland et al., 2017),
including mental stress tasks in patient with PTSD (Lima et al., 2019) and
in individuals with early life stress who are vulnerable to the develop-
ment of depression (Pace et al., 2006). Elevations in IFNγ and IL-6 are
associated with decreases in tryptophan, the precursor of serotonin, a key
neurotransmitter underlying the neurobiology of depression and PTSD,
with associated increased symptoms of depression (Felger et al., 2013a;
Raison et al., 2010). Diversion of tryptophan metabolism leads to
increased metabolism along the kynurenine pathway, which has been
linked to suicide and depression (Myint, 2012). Kynurenine also antag-
onizes the cholinergic anti-inflammatory effects of VNS (Myint, 2012;
Nizri and Brenner, 2013; Olofsson et al., 2015) and is blocked by VNS
(Majoie et al., 2011). Kynurenine can be converted to quinolinic acid,
which enhances glutamatergic transmission with associated decreases in
brain derived neurotrophic factor (BDNF) in the hippocampus, a mech-
anism implicated in PTSD and depression and the response to antide-
pressant treatments (Duman, 2004; Duman et al., 2001; Nibuya et al.,
1995; Santarelli et al., 2003). These studies indicate that blocking of
stress-induced IL-6 elevations with tcVNS may impact the underlying
neurobiology of PTSD and have clinical utility for its treatment.

Findings of increased IFN-γ with stress in PTSD that are blocked by
tcVNS have relevance for alterations in cell mediated immunity that may
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underlie symptoms of PTSD. Cell mediated immunity utilizes T cells
including CD8þ cytotoxic cells that lyse cells harboring microbes and
CD4þ cells that produce cytokines and activate phagocytes that engulf
and kill microbes. These latter cells differentiate into Th1 and Th2 sub-
sets, as well as Th17 subsets. Glucocorticoids including cortisol are anti-
inflammatory and lower levels of cortisol as seen in patients with PTSD
(Bremner et al., 2007; Yehuda et al., 1996) could result in enhancement
of Th1 cell function in PTSD patients (Griffin et al., 2014; Zhou et al.,
2014). Cytokines produced by Th1 cells include proinflammatory me-
diators (IFN-γ) and IL-2. IFN-γ is a potent macrophage activator which
also has antiviral activity. Th2 cytokines are IL-4, IL-5, IL-10 and IL-13,
which are mainly anti-inflammatory. Cytokine production is partly
controlled by cholinergic neurotransmission and therefore the vagus
nerve (Nizri and Brenner, 2013), and vagal nerve stimulation has been
shown to shift the TH1/TH2 balance and dampen pro inflammatory re-
sponses (Olofsson et al., 2015). Several lines of evidence link altered
cellular immunity to PTSD, including studies in women with PTSD
showing enhanced cell mediated immunity (S.N. Wilson et al., 1999) and
delayed-type hypersensitivity (DTH) reactions that are consistent with an
enhancement of Th1 response and thus increased IFN-γ (Altemus et al.,
2003). Other studies have linked DTH responses to elevated IFN-γ (Barth
et al., 2003) and have shown increased IFN-γ in PTSD (Lindqvist et al.,
2014; Passos et al., 2015; Woods et al., 2005). Vagus nerve stimulation
activates T cells that produce acetylcholine, and by binding to the alpa-7
subunit of the cholinergic receptor inhibit NF-κB (Rosas-Ballina et al.,
2011). VNS also inhibits High Mobility Group Box 1 (HMGB1), a proin-
flammatory master mediator, which is increased in PTSD (Huston et al.,
2007; Wang et al., 2015). The findings of the current study of an increase
in IFN-γ blocked by tcVNS in light of the findings reviewed above add
more evidence for a clinically relevant impact on the underlying neuro-
biology of PTSD.

The current study has several important limitations. We examined
multiple biomarkers which introduces the possibility of false positives,
even though the primary hypothesis was based on IL-6. The sample size
was small, and gender was not evenly distributed between groups. Our
original hypothesis was that tcVNS would block IL-6 response to both
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traumatic script stress and neutral mental stress (public speaking and
mental arithmetic). The current study did not find as much of an IL-6
response to neutral mental stress as in our prior study of public
speaking stress in patients with Coronary Artery Disease (CAD) and
PTSD. That was a different sample, however, including older patients
with CAD and more medical comorbidities than the current sample of
younger uncomplicated PTSD patients (Lima et al., 2019). The prior
study was also the first exposure to stress performed while sitting in a
chair as opposed to lying in a scanner, which we have found presents a
more direct interpersonal experience in the solicitation of stressful re-
sponses within a social context. In prior studies we found a reduction in
cardiovascular reactivity on a following day when stress was repeated in
a scanner (Bremner et al., 2018). In the current study, neutral mental
stress came on subsequent days to personalized traumatic scripts, so a
reduction in responsiveness is to be expected. Furthermore, our prior
research has shown a more robust biological response in terms of heart
rate and blood pressure and cortisol response to traumatic script stress
(Elzinga et al., 2003) than neutral mental stress (Bremner et al., 2003) in
patients with PTSD. The current findings of great effect on traumatic
script stress are in line with these prior results. Also, since this was an
exploratory study and nothing is known about the effects of tcVNS on
different types of stressors it can be considered as hypothesis generating
data for future research. Due to these factors it is possible that findings
are related to false positives. Therefore the current findings should be
considered exploratory and the results should be replicated in other
samples with larger numbers of subjects. Another possible limitation
concerns the comparison intervention or “sham stimulation” which
involved an active electrical stimulation. Although we have not found
that the parameters of the stimulation result in responses consistent with
vagus nerve stimulation (Hays et al., 2013; Noble et al., 2017, 2018,
2019; Pena et al., 2014; Souza et al., 2019), it is possible that stimulation
occurred in some individuals, or that stimulation of other sensory nerves
would have an effect. Use of inert devices as controls could lead to par-
ticipants perception that they were not getting active interventions,
increasing the risk of positive results that are only due to a placebo effect,
a constant risk in device research. High frequency voltage signals (such as
the active stimulus) pass through the skin with minimal power dissipa-
tion due to the low skin-electrode impedance at kHz frequencies; in
contrast, lower frequency signals (such as the sham stimulus) are mainly
attenuated at the skin-electrode interface due to the high impedance
(Rosell et al., 1988). Accordingly, the active device operating at higher
frequencies may deliver substantial energy to facilitate stimulation,
while the voltage levels appearing at the vagus would be expected to be
orders of magnitude lower for the sham device and thus stimulation is
unlikely. Nevertheless, since the sham device does deliver relatively high
voltage and current levels directly to the skin, it activates skin noci-
ceptors, causing a similar feeling to a pinch. This sensation is necessary
for blinding of the participants, and is thought as a critical detail by the
authors for the evaluation of the potential treatment in psychiatric
populations. Use of sham stimulation is a universal practice, regardless of
voltage or current mode. For example, current-mode (i.e., auricular)
stimulation studies typically use the earlobe as sham stimulation as the
earlobe contains anatomically less nerve innervation (Burger et al., 2019;
Kraus et al., 2007; Stavrakis et al., 2020; Verkuil and Burger, 2019;
Yakunina et al., 2017, 2018). Compared to ‘no stimulation’ as a sham
alternative, investigators think that any sort of sensation is necessary for
blinding of the participants, and is thought as a critical detail for the
valuation of the potential treatment in psychiatric populations. As this is
a psychological study, use of an ‘active sham’ compared to no stimulation
might mitigate psychological effects regarding treatment perception. It is
important to note that each subject only uses one type of stimulation
(either active or sham), devices assigned by staff who do not take part in
data collection or analysis. Hence, subjects do not know how the other
devices (that they did not use) feel like. If anything, however, factors
reviewed above would have diminished our ability to detect differences
between active and control devices, rather than increase them.
9

Findings of the current study that tcVNS blocks inflammatory re-
sponses to stress add to our recent studies showing that tcVNS blocks
sympathetic arousal associated with exposure to personalized traumatic
scripts and/or enhances parasympathetic function (Gurel et al., 2020b,
2020c). These physiological systems are known to be associated with
anxiety and other symptoms relevant to PTSD. Other studies in implanted
VNS suggest that tcVNSmay have useful clinical applications based on its
effects on memory and possible enhancement of neuroplasticity and/or
facilitation of extinction of conditioned responses to reminders
(Bremner, 2016; Bremner and Charney, 2010; Clark et al., 1999; Engi-
neer et al., 2011; Noble et al., 2017; Pena et al., 2014; Pe~na et al., 2013).
Future studies should investigate fundamental questions regarding
parameter-specific effects of the stimulation (frequency, amplitude,
waveform shape) on neuroinflammatory, cardiovascular, and peripheral
function for improved autonomic control and the design of adaptive and
personalized therapies (Ardell et al., 2015, 2017; Badran et al., 2018b;
Gurel et al., 2020b)
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