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Thirty-eight individuals (mean age: 34.8 years old) participating in a 3-month yoga and
meditation retreat were assessed before and after the intervention for psychometric
measures, brain derived neurotrophic factor (BDNF), circadian salivary cortisol levels,
and pro- and anti-inflammatory cytokines. Participation in the retreat was found to
be associated with decreases in self-reported anxiety and depression as well as
increases in mindfulness. As hypothesized, increases in the plasma levels of BDNF
and increases in the magnitude of the cortisol awakening response (CAR) were also
observed. The normalized change in BDNF levels was inversely correlated with BSI-18
anxiety scores at both the pre-retreat (r = 0.40, p < 0.05) and post-retreat (r = 0.52,
p < 0.005) such that those with greater anxiety scores tended to exhibit smaller pre-
to post-retreat increases in plasma BDNF levels. In line with a hypothesized decrease
in inflammatory processes resulting from the yoga and meditation practices, we found
that the plasma level of the anti-inflammatory cytokine Interleukin-10 was increased and
the pro-inflammatory cytokine Interleukin-12 was reduced after the retreat. Contrary
to our initial hypotheses, plasma levels of other pro-inflammatory cytokines, including
Interferon Gamma (IFN-y), Tumor Necrosis Factor (TNF-a), Interleukin-18 (IL-1B),
Interleukin-6 (IL-6), and Interleukin-8 (IL-8) were increased after the retreat. Given
evidence from previous studies of the positive effects of meditative practices on mental
fitness, autonomic homeostasis and inflammatory status, we hypothesize that these
findings are related to the meditative practices throughout the retreat; however, some
of the observed changes may also be related to other aspects of the retreat such as
physical exercise-related components of the yoga practice and diet. We hypothesize
that the patterns of change observed here reflect mind-body integration and well-being.
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The increased BDNF levels observed is a potential mediator between meditative
practices and brain health, the increased CAR is likely a reflection of increased dynamic
physiological arousal, and the relationship of the dual enhancement of pro- and
anti-inflamsmatory cytokine changes to healthy immunologic functioning is discussed.

Keywords: yoga, meditation, BDNF, cortisol, inflammatory markers, inflammation, stress

INTRODUCTION

Decades of research have linked meditation-based practices to
positive psychological and health outcomes in both clinical
and nonclinical populations (Grossman et al, 2004; Cahn
and Polich, 2006; Rubia, 2009; Chiesa and Serretti, 2010;
Keng et al, 2011; Davidson and McEwen, 2012). More
recently, researchers have sought to understand the biological
mechanisms mediating subjective improvements in well-being,
including physiological, neuroendocrine, immune and genomic
changes. Increasing evidence points towards the possibility
that sustained engagement with meditative practices has both
salubrious psychological and neurophysiological benefits (Cahn
and Polich, 2006; Dahl et al., 2015; Tang et al., 2015; Luders and
Cherbuin, 2016) and positively enhances biological functioning
through both hypothalamic pituitary adrenal (HPA) effects and
the regulation of inflammatory processes (Bower and Irwin,
2015).

Brain-derived  neurotrophic  factor (BDNF) is a
neuroregulatory modulator that has received a paucity of
attention in meditation research to date. BDNF is a key
neurotrophin that promotes development, survival and plasticity
of neurons in the central and peripheral nervous systems (Huang
and Reichardt, 2001; Binder and Scharfman, 2004). This potent
neuromodulator is most active in brain areas that play pivotal
roles in learning, memory and higher cognition such as the
hippocampus and cortex. Likely related to its ability to cross
the blood-brain barrier, peripheral serum levels of BDNF are
correlated with cerebrospinal fluid levels (Pan et al., 1998).
In addition, BDNF is involved in the complex regulation of
many diverse aspects of physiology such as inflammation,
immunity, mood regulation, stress response and metabolism
(Papathanassoglou et al., 2015). Decreased BDNF levels have
been associated with psychiatric and neurological disorders
including anxiety, depression and Alzheimer’s disease (Phillips
et al., 1991; Chen et al., 2006; Bocchio-Chiavetto et al., 2010),
as well as emotional exhaustion and burnout (Onen Sertoz
et al,, 2008). We assessed BDNF levels in this study of the
psychoneuroimmunologic effects of a sustained yoga and
meditation retreat in order to investigate the possibility that
BDNF may play a key signaling role in the promotion of stress
resilience and integrated mind-body wellness.

The HPA axis is an important neuroendocrine system
whose activation underlies the stress response (de Kloet et al.,
2005). Accumulating evidence links excessive adrenocortical
activity and elevated basal cortisol levels to the progression
of psychiatric and other medical illness (Brown et al., 2004;
de Kloet et al, 2005; Zannas et al, 2015). Cortisol, a

glucocorticoid secreted by the adrenal glands in response to
adrenocorticotropic hormone (ACTH) released from anterior
pituitary gland, is a reliable marker of HPA activity and
follows a robust circadian rhythm, which peaks 30 min after
awakening (termed the “Cortisol Awakening Response”—CAR)
and gradually declines throughout the day (Akerstedt and Levi,
1978; Wiist et al., 2000). Thus, while basal cortisol levels,
typically measured in the late afternoon or evening, are a reliable
measure of the relative activation of the sympathetic nervous
system, there is also an important and separate relationship
between the homeostatic fitness of the autonomic nervous
system and robust circadian variations in cortisol levels, with
sympathetic hyperactivity demonstrating a tendency to reduce
the circadian variability of cortisol levels (Chida and Steptoe,
2009).

Another important and related biological mediator of health
and wellness is the inflammatory pathway. Research over the
past 20 years has shown that pro-inflammatory bodily states
are associated with a propensity towards mental disorders
such as depression and anxiety (Miller et al., 2009; Slavich
and Irwin, 2014; Furtado and Katzman, 2015; Strawbridge
et al, 2015) as well as an array of chronic medical illnesses
(Aggarwal et al, 2006; Swardfager et al., 2010). Generally,
decreases in inflammatory pathway activation during periods
without active infection are associated with better physical
and mental well-being (Elenkov et al.,, 2005); however, acute
inflammatory responses are also adaptive, so the general decrease
of pro-inflammatory (and increase in anti-inflammatory)
immune mediators is not always a clear marker of health and
wellness, and instead a healthy homeostatic balance between
pro- and anti-inflammatory signaling is most adaptive (Black,
2002).

Chronic inflammatory states can be triggered through
psychosocial stress (Steptoe et al., 2007; Miller et al., 2009;
Irwin and Cole, 2011), and psychosomatic interventions like
meditative practices that invoke stress-reduction mechanisms
and psychophysiological self-regulation have demonstrated
anti-inflammatory  benefits (Bower and Irwin, 2015).
Inflammatory states can be measured through circulating
pro-inflammatory cytokines such as Interferon Gamma (IFN-y),
Interleukin-1f (IL-1B), Interleukin-6 (IL-6), Interleukin-8
(IL-8), Interleukin-12 (IL-12), and Tumor Necrosis Factor
(TNF-a) in addition to anti-inflammatory cytokines such
as Interleukin-10 (IL-10). It is important to note that these
cytokines are involved in a complicated and multifactorial
regulation towards the end of providing optimal support to
effectively fighting off molecular “other” targets and microbes
under the surveillance of healthy immune functioning while
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also not promoting inflammation and inadvertent attack of
“self” targets. Indeed some of the assayed cytokines have both
pro- and anti-inflammatory potential (IL-6) and upregulation
of others supports vigorous immunological defense of viruses
and are known to be inhibited by stress (IFN-y). For example
although IL-6 is associated with pro-inflammatory pathways
when stimulated through psychological stress, fever, or the
acute phase response, IL-6 is also a myokine known to have
anti-inflammatory effects when stimulated through exercise
(Barton, 1997; Tilg et al., 1997; Opal and DePalo, 2000).

Given accumulating evidence that yoga and meditative
practices modulate inflammatory and HPA activity (Jevning
et al., 1978; Brown and Gerbarg, 2005; Kiecolt-Glaser et al.,
2010; Bower and Irwin, 2015) and the possibility that yoga and
meditative practices may positively impact BDNF levels as a
mechanism towards salubrious neurophysiological functioning,
we sought to investigate the effects of yoga and meditation
on BDNF as well as the activity of the HPA axis and
inflammatory markers. Participants were assessed before and
after an intensive yoga and meditation retreat. The mind-body
practices in this Isha Yoga retreat were directed by the leader
of this contemporary Yogic tradition. The yogic practices
incorporated physical postures, controlled breathing practices,
and seated meditations which include focusing on mantra
repetition, breath, emptiness or “no thought” and bodily
sensation.

A subset of participants within a large 200 participant
3-month Isha yoga retreat volunteered to donate blood
and saliva samples before and after the retreat. Here, we
report the effects of the retreat on BDNF, salivary cortisol,
inflammatory cytokines (i.e., IL-1p, IL-6, IL-8, IL-12, IFN-v,
and TNF-a), IL-10, and psychological variables which included
mindfulness, absorption, depression, anxiety and physical
complaints. Finally, we investigated the relationship between
psychological improvements and biological changes.

MATERIALS AND METHODS

Participants

Women and men participants were tested at the beginning and
at the end of a 3-month retreat that occurred at the Isha retreat
center in the southern US. A subset of 98 participants (mean
age: 34.8 years old) agreed to participate in the acquisition of
blood and salivary markers and are reported upon here. Due
to limited funding, only a subset of participants’ samples was
analyzed—38 of the participant ID’s were chosen randomly with
the only precondition that half be male (n = 19) and half female
(n =19). Of these 38, five participant’s plasma data were not used
due to the likelihood of acute illness (e.g., flu) based on highly
elevated intake (pre-retreat sample) IL-6 levels >8 pg/ml. Seven
participant’s saliva data were not used due to extreme outliers
of one or more of the six samples collected. An overlapping
total of N = 26 subjects had usable pre- and post-blood and
salivary samples. This study was carried out in accordance with
the recommendations of Quorum Independent Review Board
with written informed consent from all subjects. All subjects gave

TABLE 1 | Demographics.

Mean (SD) Range
Gender 19M19F
Age (years) 34.28 (8.84) 21-59
Height (inches) 67.18 (4.20) 60-75
Weight (pounds) 142.26 (30.03) 96.2-216.0
Body Mass Index (BMI) (kg/m?) 22.05 (3.70) 17.04-34.38
Years of yoga/Meditation experience 4.54 (3.26) 0.2-15
Length of daily practice (min) 127.50 (41.22) 45-180

written informed consent in accordance with the Declaration
of Helsinki. The protocol was approved by the Quorum
Independent Review Board. Participants filled out a standard
consent form detailing the procedure involving providing pre
and post saliva and blood samples as well as psychometric
questionnaires as well as their option to discontinue at any
time.

Participant Yoga and Meditation
Background

Prior to the retreat, many participants maintained a
frequent yoga and meditation practice, including Shoonya
meditation (sitting practice focused on a state of “non-doing”),
Samyama meditation (sitting practice with breath-focused
open awareness) as well as diverse Hatha yoga (mindful
movement/stretching) and pranayama (focused breath control)
practices. The frequency of such practice prior to beginning
the retreat was collected prior to the retreat. As a group,
participants reported an average of about 2 h (M = 127.5 min,
SD = 41.22 min) daily practice, and an average of about
4.5 years (M = 4.54 years, SD = 3.26 years) of regular yoga
and meditation practice; see Demographics (Table 1) for
details.

Description of the Retreat Intervention

The 3-month residential retreat involved daily meditation
and yoga practices and was accompanied by a vegetarian
diet and a full daily schedule; participants did not engage
in their normal work activities, but did work on projects
around the retreat center. For the first 6 weeks of the retreat
all participants practiced “Samyama,” a breath-focused open
awareness meditation practice for 30-50 min and “Shoonya,”
a conscious non-doing/“no thought” meditation practice for
30 min daily. They also practiced specific practices involving
seated yoga postures some of which incorporated bodily
movements, and a focus on mantra and specific bodily sensations
(called kriyas) for about 1-2 h daily. For the last 6 weeks in place
of Samyama, Shoonya and kriya practices, participants practiced
a form of meditation referred to as Linga sanchalana, which
is a focused attention meditation practice, for approximately
1 h twice daily. Finally, in addition to seated meditation
practices, participants also practiced Hatha yoga ~1-2 h daily
and chanting ~1 h daily. In sum, participants practiced
approximately 2 h of sitting meditation practices, 1-2 h of
yoga practice with a meditative component and 1 h of chanting
daily.
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Assessment Schedule

During the first week of the retreat, participants reported
pre-retreat (time 1; T1) psychometric measures and gave
pre-retreat salivary and blood samples. During the last week
they reported post-retreat (time 2; T2) psychometric measures
and gave post-retreat salivary and blood samples. Specifically,
they gave a morning fasting blood sample on retreat day 3,
and then again gave a morning fasting blood sample on
retreat day 87. On these same days, participants filled out
pre-retreat psychometric questionnaires (day 3) and post-retreat
psychometric questionnaires (day 87). They also produced
six salivary samples at specific time points as described below
on retreat day 4, and then again gave six salivary samples at the
same time points during the last week of the retreat on retreat
day 88.

Psychometric Scales

Psychometric questionnaires included the Brief Symptom
Inventory-18  (BSI-18; Derogatis, 2000), the Freiburg
Mindfulness Inventory (Walach et al., 2006), and the Tellegen
Absorption Scale (Tellegen and Atkinson, 1974).

Salivary Cortisol

Diurnal output of cortisol was assessed by having subjects collect
saliva as they went about a day of normal retreat activities within
the first week of the retreat—day 3—and once again during
the last week of the retreat—day 87. To facilitate the collection
process, we asked participants to collect the first sample
immediately upon awakening (4:45 AM), and then throughout
the day at the following time points: 30 min post-awakening
(5:15 AM), 9:15 AM during the break in between yoga practices
and meditation, 12:30 PM just before lunch, 5:10 PM during
a break, and lastly at 8:30 PM after meditation, just prior to
bed. Saliva of each participant was collected in their mouth and
then passively dropped into a Salimetrics saliva collection tube
(Carlsbad, CA, USA). The tubes from T1 at the beginning of
the retreat were then placed in a freezer at —20°C. The same
procedure was followed at T2 during the last week of the retreat.
Two days after the collection of the T1 and T2 saliva samples, the
tubes from all subjects were placed on dry ice and sent to the
UC San Diego Clinical Research Biomarker Laboratory. Upon
arrival to the lab, all saliva samples, were immediately stored at
—80°C and saliva cortisol levels were determined by commercial
ELISA (Salimetrics, Carlsbad, CA, USA). Intra- and inter-assay
coefficients were <8%.

BDNF and Inflammatory Biomarkers

BDNF and inflammatory biomarker levels were assessed in
plasma by obtaining EDTA blood from participants early
in the morning after awakening and prior to breakfast, on
day 4 (T1) of the 90-day program and again on day 88
(T2) of the 90-day program. For both T1 and T2 samples
participants were instructed not to engage in any exercise
prior to the blood sample acquisition in the morning. The
blood was drawn in 10 cc EDTA (purple top) tubes and the
tubes were placed on ice for up to 30 min then spun at
400x g for 15 min at 4°C. The supernatant was then aspirated

and placed into labeled microcentrifuge tubes (3 cc each) on
dry ice immediately. Both T1 and T2 samples were kept on
dry ice in labeled trays overnight and sent the next day by
overnight delivery to the UC San Diego Clinical Research
Biomarker Laboratory for quantitation. Upon arrival to the lab,
samples were immediately stored at —80°C. T1 and T2 samples
were subjected to analysis simultaneously and in parallel,
approximately 2 months after T2 data collection. Plasma levels
of BDNF, IFN-y, TNF-qa, IL-18, IL-6, IL-8, IL-10 and IL-12
were all determined by commercial ELISA kits (R&D Systems,
Minneapolis, MN, USA). Intra- and inter-assay coefficients
were <5%.

Statistical Analysis

For the salivary cortisol, a 2 x 6 Repeated measures ANOVA
was conducted with factors being (pre- vs. post-retreat) x (6 time
points in the day). Greenhouse-Geisser corrections for multiple
comparisons were run and Tukey post hoc analysis to analyze any
significant interactions. For the plasma BDNF and inflammatory
biomarker analysis, the plasma values were found to vary
significantly from normal distribution, thus values were natural
log-transformed to produce more normal distributions. Values
greater than three standard deviations from the mean were
removed, with the # participants removed ranging from one to
three subjects for each of the biomarkers analyzed. For each
biomarker, a paired t-test for dependent samples was run
on the natural log transformed T1 (pre-retreat) and T2
(post-retreat) plasma levels of the biomarkers to assess for
significant differences across time from pre- to post-retreat.
To assess effects of gender, age, BMI, and change in BMI
an ANOVA was also run on the T1 vs. T2 biomarker levels
with these demographic categorical/continuous predictors. A
limited number of hypothesized correlations between changes
in inflammatory biomarkers, BDNF, and cortisol levels and
symptoms of psychological distress as measured by the Brief
Symptom Inventory were assessed for significance using basic
linear correlation procedures. All statistical analyses were run in
Statistica 8.0 (Statsoft, Tulsa, OK, USA).

RESULTS

Paired t-test analysis of psychometric data (see Table 2)
showed that these healthy normal volunteers scored quite low
on the BSI-18 questionnaire (mean scores pre-retreat on the
0-72 scale = 10.5 and post-retreat = 4.1). Nonetheless, there
were clearly significant improvements in the Brief Symptom
Inventory-18 scores, including the total score (f33 = 4.66,
p < 0.0001) as well as each of the subscores which included
depressive (t33y = 2.84, p < 0.01), anxious (f33 = 4.22,
p < 0.0001), and somatic (f(33) = 4.66, p < 0.0001) symptoms. In
addition, there was an increase in mindfulness as assessed by the
Freiburg Mindfulness Inventory (¢33 = 4.42, p < 0.0001), and
no change on absorption as measures by the Tellegen Absorption
Scale (p = 0.4).

Biological markers analyzed included weight as well as
inflammatory biomarkers, BDNF and salivary cortisol. As shown
in Table 3, results of paired t-tests comparing pre-retreat
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TABLE 2 | Psychometrics pre- and post-retreat.

N =234 Pre mean (SD) Post mean (SD) t df P
BSI-18 Total 10.5 (11.0) 4.12 (6.00) 4.66 33 <0.0001
BSI-Depression 3.09 (4.39) 1.26 (1.96) 2.84 33 <0.01
BSI-Anxiety 3.76 (4.20) 1.21 (2.07) 4.22 33 <0.0001
BSI-Somatic 3.67 (3.62) 1.65 (2.83) 4.66 33 <0.0001
Freiburg mindfulness 39.6 (7.65) 44.5 (7.07) —4.42 33 <0.0001
Tellegen absorption 88.6 (29.6) 91.3(28.9) —0.86 33 0.4
TABLE 3 | Biomarkers pre- and post-retreat.
Pre Mean (SD) Post Mean (SD) t df P

Raw Ln Raw Ln
BMI (kg/m?) 22.1(3.7) - 21.2(3.1) - 4.37 35 <0.0001
BDNF (pg/ml) 2513 (1484) 7.65 (0.64) 7039 (5274) 8.44 (1.12) —4.03 31 <0.001
IFN-y (pg/ml) 0.88 (0.56) —0.32 (0.68) 1.11 (0.65) —0.06 (0.62) —2.62 31 <0.05
TNF-a (pg/ml) 3.99 (1.06) 1.35(0.25) 4.59 (0.96) 1.5(0.2) —6.37 30 <0.000001
IL-1B (pg/ml) 0.28(0.12) —1.37 (0.47) 0.35 (0.23) —1.19 (0.49) —2.39 31 <0.05
IL-6 (pg/ml) 0.79 (0.59) —0.41 (0.58) 1.18(0.75) —0.01 (0.61) —-5.13 30 <0.0001
IL-8 (pg/ml) 3.11(0.85) 1.1(0.28) 3.62 (0.93) 1.25 (0.26) -3.30 30 <0.01
IL-10 (pg/ml) 3.46 (4.57) 0.88(0.72) 4.25 (5.70) 1.07 (0.73) —4.65 29 <0.0001
IL-12 (pg/ml) 12.05 (41.9) 0.36 (1.5) 12.05 (42.8) 0.23 (1.6) 2.36 31 <0.05

data to post-retreat data revealed that while the group was
on average at a healthy Body Mass Index (BMI) from the
outset, small but significant reductions were observed in
BMI (t35 = 4.37, p < 0.0001). In regards to the plasma
biomarker data, paired t-tests on the normalized data, after
removing extreme outliers, indicated increases in BDNF
(ta) = —4.03, p < 0.001), IFN-y (t31) = —2.62, p < 0.05),
TNF-a (t(30) = =637, p < 0.000001), IL-18 (t(gl) = —2.39,
p < 0.05), IL-6 (t(30) = —5.13, p < 0.0001), IL-8 (¢(30) = —3.30,
p < 0.01), and IL-10 (t9) = —4.65, p < 0.0001). In contrast,
there was a decrease in the level of IL-12 (t31) = 2.37,
p < 0.05).

A calculation of the area under the curve of the salivary
cortisol concentration across the day was done and a paired
t-test of this data indicated no difference between pre and post
retreat samples (p = 0.3). A repeated measures 2 x 6 ANOVA
conducted on the salivary cortisol measures with factors “pre
vs. post retreat” and “time of day” yielded no main effect of
pre vs. post retreat (p = 0.50) but a highly significant main
effect time of day (F(s,150) = 89.8, p < 0.0000001), indicating
the pronounced circadian variation of cortisol levels across the
day. There was also a significant interaction between pre vs. post
retreat and time of day (F(s,150) = 3.31, p < 0.01). Post hoc analysis
of this significant interaction indicated that at T2, cortisol levels
30 min post-awakening (peak cortisol level associated with the
CAR) was significantly higher in the post-retreat compared to
the pre-retreat samples (p < 0.01; see Figure 1). At all other time
points throughout the day from awakening to bed time, there was
no significant difference in the pre vs. post retreat cortisol levels
(all p > 0.9).

Including BMI, change in BMI, age and gender as covariates
in the ANOVA of the salivary cortisol data (gender as
categorical predictor, age and BMI characteristics as continuous
predictors), revealed no significant interaction between these

demographic characteristics and the significant effect on the
salivary CAR. There was, however, a significant main effect
of gender on salivary cortisol levels such that women showed
higher overall cortisol levels across the day than men (p = 0.05).
In addition, these demographic characteristics were entered
as predictors into the ANOVA analyses of the effects on the
plasma inflammatory biomarkers and BDNF levels. Here we
found significant interactions only between gender and three of
the dependent variables: BDNF, IFN-y and IL-10. For BDNF
there was a main effect of gender such that women were
found to demonstrate higher levels of plasma BDNF than men
(Fa30) = 6.88, p < 0.05) and there was a nearly significant
gender x pre-post interaction (p = 0.06) indicating a tendency
for women to show greater relative increases in BDNF over the
course of the retreat. For IFN-y a significant gender x pre-post
interaction was obtained (F(30) = 4.33, p < 0.05) and post
hoc analysis indicated that the increases in IFN-y levels were
significant for women (p < 0.01) but not men (p = 1). For
IL-10 a significant gender x pre-post interaction was obtained
(F(1,28) = 4.90, p < 0.05) and post hoc analysis indicated that the
increases in IL-10 levels were significant for women (p < 0.001)
but not men (p = 0.31). There was no significant interaction
between participant age, gender, or BMI and change in the other
biomarker levels.

To explore the possible relationship between the changes
in biomarker levels among each other and related to
psychological changes, a small number of Pearson product-
moment correlations between inflammatory markers, CAR
dynamics, BDNF plasma levels and psychological measures
were executed. The normalized change in BDNF plasma level
(natural log of BDNF post-retreat minus natural log of BDNF
pre-retreat) was inversely correlated with BSI-18 anxiety scores
at both the pre-retreat (r = 0.40, p < 0.05) and post-retreat
(r = 0.52, p < 0.005) such that those with greater anxiety
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scores tended to evidence a smaller pre- to post-retreat increase
in plasma BDNF levels. No such correlations were observed
between other BSI-18 measures or mindfulness scores and
BDNF levels and no correlations were obtained between these
psychometric measures and CAR findings. A relationship was
found between the magnitude of the pre-retreat CAR and the
resultant change in BDNF levels, however this relationship
was found to be driven by one particular outlier so this
relationship was taken to be non-significant. Lastly, in order
to assess the unexpected effect demonstrating increases in
both the prototypical anti-inflammatory marker IL-10 and
the range of pro-inflammatory markers, correlations were
run between IL-10 levels and the other interleukins. We
found a positive correlation between the change in IL-10
levels and the change in IL-12 levels from pre- to post-retreat,
signifying that the participants who demonstrated greater
increases in anti-inflammatory IL-10 levels tended to also
demonstrate greater increases in pro-inflammatory IL-12
levels.

DISCUSSION

The results of this 3-month pre-post study indicate that
participation in this yoga and meditation retreat was associated
with alterations in psychological functioning, neurotrophic
pathways, HPA axis activity, and inflammatory pathway

signaling suggesting enhanced stress resilience and well-being.
As a group, participants showed significant improvements
in depression, anxiety, somatic complaints, increases in
mindfulness scores, and a small but significant decrease in
BMI. A significant 3-fold increase in BDNF plasma level was
observed and the change in BDNF plasma levels from pre-retreat
to post-retreat was inversely correlated with participants’
self-reported anxiety levels on the BSI-18, suggesting that this
increase in BDNF may be related to psychological markers of
wellness. In addition, a significant increase in the CAR was
observed from pre- to post-retreat, suggesting improvements
in the dynamic rhythmicity of adrenocortical activity, a
marker of stress resilience. Lastly, significant increases in
both pro- and anti-inflammatory biomarkers were observed
in an unexpected pattern not seen in previous studies to our
knowledge. Overall we hypothesize that the observed pattern
of changes provides evidence for enhanced fitness as assessed
along the spectrum of levels of psychoneuroendocrine and
immunologic assessment.

A highly significant 3-fold increase in plasma BDNF level was
observed comparing pre- to post-retreat assessment data. BDNF
is a well-described neurotrophic factor of the neurotrophin
gene family that acts on neurons of the central and peripheral
nervous system, supports the survival of existing neurons, and
encourages the growth and differentiation of new neurons and
synapses primarily through its action at the TrkB receptor of
neurons (Acheson et al., 1995; Huang and Reichardt, 2001).

22
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FIGURE 1 | Salivary cortisol levels throughout the day at pre- and post-retreat, N = 31. *p < 0.05.
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BDNEF signaling has been implicated as a mediator of the positive
impact of both physical exercise and cognitive engagement on
brain fitness and enhanced neurogenesis, learning, and memory
(Huang et al., 2014) as well as anti-depressant effects (Russo-
Neustadt et al., 2000; Warner-Schmidt and Duman, 2006; Sen
et al., 2008). We hypothesize that the increase in circulating
levels of BDNF observed here is likely related to improvements
in brain fitness and psychological well-being brought about
by participation in the yoga and meditation retreat although
ruling out a possible contribution from the limited physical
exercise components (hatha yoga practices) of the retreat is not
possible.

BDNF has been relatively unexplored in work exploring
the impact of meditative practices on biology to date, but one
previous study showed that meditative yoga practice was related
to increases in BDNF as well as heart rate variability (Pal
et al., 2014). A second recent study demonstrated a two-fold
increase in BDNF when comparing pre- to post-values for a
12-week yoga and meditation lifestyle intervention involving
approximately 90 min of practice daily (Tolahunase et al,
2017). In addition, Naveen et al. (2013) demonstrated that
both yoga and antidepressant interventions led to increased
levels of BDNF in patients with a history of depression. In
this study, those patients receiving only yoga had greater
improvements in depression, and there was a significant
positive correlation between improvements in depression and
increases in BDNF specifically in the yoga-only group suggesting
that BDNF may play a key role in the antidepressant
effects of yogic practice. In contrast, one previous RCT of
a hatha yoga intervention in patients with schizophrenia
found no changes in BDNF or psychometric measures of
resilience levels (Ikai et al., 2014), possibly indicating that
such interventions are not as efficacious for individuals
with severe psychotic illness, or at least might need to be
further adjusted in order to better support wellness in this
population.

In the current study, we found that those scoring higher on
the BSI anxiety scale (both at pre- and post-testing) tended to
demonstrate a less robust increase in BDNF levels, consistent
with the notion that BDNF levels were indeed related to
psychological wellness. This fits with evidence from others
suggesting that BDNF is negatively correlated with depression
(Sen et al., 2008; Polyakova et al., 2015) as well as emotional
exhaustion and depersonalization (Onen Sertoz et al., 2008) and
increases in association with successful treatment of depression
(Polyakova et al., 2015).

Extensive previous work has demonstrated increased
circulating BDNF levels due to both acute and chronic aerobic
exercise regimes (Brunelli et al., 2012; Dinoff et al., 2016).
Although physical exercise levels were not specifically controlled
for in this study, they were not a prominent component of the
retreat and most participants reported being engaged in an
approximately equivalent Hatha yoga/exercise routine prior
to the retreat. Given that there was some decrease in BMI for
participants, we ran a correlation analysis between change in
BMI and change in BDNF to explore whether potential exercise-
related decreases in body weight might be correlated with BDNF

changes and found a complete lack of association with a r value
of ~0.05.

There are several alternative mechanistic explanations for the
increase in BDNF levels observed in this study involving the
impact of the meditative components of the yoga and meditation
practices. First, given the significant and growing evidence
for the highly active attentional engagement and associated
robust modulations of frontal brain circuitry supporting the
act of meditative practice (Tang and Posner, 2009; Brewer
et al,, 2011; Lutz et al, 2015; Tang et al, 2015), it is quite
possible that the meditative components of this intensive
retreat engaged neuroplastic brain mechanisms in a manner
analogous to intensive learning regimes which have been
shown to promote neuroplasticity partly through increase in
BDNF signaling (Korol et al., 2013; Novkovic et al, 2015;
Aarse et al., 2016). A second possible mechanism involves the
effects of these practices on the autonomic nervous system.
Specifically, deep breathing, yoga and meditation practices have
been found to increase vagal tone (Brown and Gerbarg, 2005;
Khattab et al, 2007) which could be a potential mediating
mechanism in the increased BDNF levels. Parasympathetic
activation through the vagus nerve has been shown to increase
BDNF levels as well as downstream activation of the BDNF
receptor TrkB (Follesa et al., 2007; Furmaga et al, 2012).
Lastly, given the clear relationship between increased stress
and decreases in BDNF signaling (Duman and Monteggia,
2006; Schmidt and Duman, 2007), other central mechanisms
related to the impact of meditative practice on decreasing
stressful responding to daily life stressors may play an
important role in the impact of yoga and meditation on BDNF
levels.

Related to the increase in BDNF levels observed here, the
hippocampus is an active site of neuroplasticity and contains
in the dentate gyrus one of two primary zones of neurogenesis
throughout the adult human lifespan. Physical exercise and
environment learning have been clearly demonstrated to
exert hippocampal plasticity through upregulating BDNF
signaling (Vivar et al., 2013; Voss et al, 2013). If the BDNF
increases observed here are indeed largely related to the
meditative practice component of the retreat, such meditation-
related BDNF signaling may be a partial explanation for
the repeated findings of increased hippocampal volumes due
to meditative practice in both short and long term studies
(Holzel et al.,, 2008, 2011; Luders et al., 2009; Gotink et al.,
2016).

Another possible contributor to the effects observed here
on BDNF (and other assessed biomarker) levels is diet, which
has a profound impact on the gut microbiota community and
resultant microbiome signaling processes within the brain and
body. Diet was controlled during the retreat in that participants
were fed high-quality vegetarian food prepared by the staff.
Studies in mice have demonstrated associations between the gut
microbiota and BDNF in the regulation of brain physiology,
behavior, and memory (Diaz Heijtz et al., 2011). Thus, the
enhanced BDNF expression observed in our participants may be
related to a number of mediating mechanisms called into play
by the multi-modal yoga and meditation retreat intervention,
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including attentional and cognitive stimulatory factors brought
about by the specific meditative practices as well as the physical
exercise component, possible regulations in vagal tone and also
diet and other attendant factors to the retreat setting. These
factors include the retreat setting in nature, decreased demands
of everyday working life, new daily rhythms and social/relational
demands called into play by the nature of the retreat setting and
activities.

Lastly, it is important to note that including the covariate
gender into the effects of the yoga-meditation retreat effects on
BDNF revealed an overall gender effect such that BDNF levels
in women in this sample were higher than those in men. There
was also a nearly significant interaction between gender and the
increases in BDNF from pre- to post-retreat such that women
tended to demonstrate more dramatic increases in BDNF levels
than men. Given that previous work demonstrating generally
equivalent plasma BDNF levels in men and women (Lommatzsch
etal., 2005), we take the finding of greater BDNF levels in women
than men of this study to be related to non-random sampling
of the general population. Nonetheless, the near-significance
of the gender x time interaction observed here implies the
possibility that the effects of this intervention might be mediated
through effects on BDNF-related signaling in women more so
than men.

The CAR represents the acute early-morning increase in
cortisol that functions to enhance alertness, physiological
arousal, and preparedness to meet daily demands. The increased
CAR we report here is likely related to increases in morning
wakefulness and stress resilience (Fries et al, 2009; Clow
et al., 2010a,b). These results are consistent with others who
have reported increases in the CAR after mindfulness-based
practices (Matousek et al., 2011). It is also possible that this
intervention improved sleep quality and this, in turn, impacted
a more dynamic and robust CAR. In any case, we did not
find any significant differences in other aspects of the diurnal
or overall cortisol levels from pre- to post-retreat. While some
have reported an overall decrease in daily cortisol secretion
following mindfulness practice (Carlson et al., 2003, 2007; Witek-
Janusek et al., 2008), others have found no change (Robinson
et al., 2003; Galantino et al., 2005; Klatt et al., 2009). Matousek
et al. (2010) reasonably suggest that such discrepancies might
be attributed to methodological differences, such as sample
size and population characteristics. In our case, the healthy
and seasoned meditators participating in this retreat reported
low levels of anxiety and depression symptoms on the BSI-18
from the outset and likely had relatively healthy baseline
cortisol levels, leading to a floor effect with regards to detecting
potential decreases in cortisol output from wellness-promoting
activities. The demonstration of increased CAR in this group
suggests that this measure of dynamic cortisol levels across the
day/night cycle may be a more sensitive marker of increased
physiological stress resilience than absolute cortisol levels in
healthy subjects.

An intriguing link between the effects on BDNF and the
CAR may be hippocampal functional integrity. As mentioned,
increased BDNF levels due to physical exercise has previously
been shown to relate with hippocampal neurogenesis and likely

relate to its positive effects on well-being and depression.
It is reasonable to hypothesize that the increased BDNF
levels secondary to this yoga-meditation retreat may relate
to positive effects on hippocampal functioning although
this was not directly assessed. Interestingly, previous work
has shown that hippocampal functioning also serves as a
promoting factor for the robust functioning of the CAR
(Fries et al, 2009; Clow et al, 2010b). Specifically, clinical
patients with hippocampal damage have been shown to evidence
greatly reduced CAR dynamics (Buchanan et al,, 2004) and
positive associations between hippocampal volume and CAR
amplitude have been demonstrated (Pruessner et al, 2007).
Thus, it may be the case that the wellness and resilience-
promoting benefits of yoga and meditation may work through
a mechanism involving BDNF upregulation, hippocampal
flourishing, and a related boost in CAR amplitude. Further
studies aimed at explicating these relationships may reveal
important mechanistic explanations for integrated mind-body
wellness promotion.

Turning attention to the inflaimmatory markers assayed
here, a statistically significant increase was observed in the
anti-inflammatory IL-10 levels, while a significant decrease in
pro-inflammatory IL-12 was observed, which supported our
hypothesis that the yoga and meditation retreat would impact
the inflammatory pathway by reducing tendencies towards
inflammatory states. We also observed significant increases in
levels of the pro-inflammatory markers TNF-o, IFN-y, IL-1f,
IL-6, and IL-8.

Some of these cytokines, such as IL-6, can induce both
pro- and anti-inflammatory effects thus adding an additional
layer of complexity (Scheller et al,, 2011). In addition, pro-
and anti-inflammatory response modulations may be adaptive
depending on the context (i.e., baseline states of over vs.
underactive inflammatory processing, acute vs. prolonged effects,
local vs. systemic responses). Of note, a generally observed
cytokine response to stress and mediated through glucocorticoids
includes a reduction of the T helper 1 cell (Thl)-mediated
production of pro-inflammatory IFN-y, TNF-a and IL-12 and
an activation of T helper 2 cell (Th2)-mediated production of
IL-10. Later effects of stress can include induction of IL-1B,
IL-8 and TNF-a (Elenkov et al., 2005; Calcagni and Elenkov,
2006). Here we found the unusual pattern of increases in
both anti-inflammatory IL-10 in addition to pro-inflammatory
TNF-a, IFN-y, IL-1B, IL-6, IL-8 with simultaneous decreases of
IL-12.

To our knowledge, our study is the first to examine a
broad range of pro- and anti-inflammatory markers in a healthy
population before and after a yoga-meditation intervention, and
suggests that for these individuals, intensive meditation and yoga
practice can elicit increases in both anti-inflammatory IL-10
levels and concomitant increases in pro-inflammatory TNF-a,
IFN-y, IL-1B, IL-6 and IL-8 levels. This was especially unexpected
given the known effect that the prototypical anti-inflammatory
cytokine IL-10, produced by Th2 cells, has been shown to
result in the inhibition in the synthesis of pro-inflammatory
cytokines generally (Mosser and Zhang, 2008), including TNFa,
IL-1B, IL-12 and IENYy (Zheng et al., 1996; Aste-Amezaga et al.,
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1998; Varma et al., 2001). Explaining this unexpected rather
broad increase in both anti- (IL-10) and pro-inflammatory
cytokines (with the exception of IL-12) is not trivial and we
are not confident in an encompassing explanatory rubric but
hypothesize that the pattern may relate to immunologic readiness
as explained below.

A meta-analysis of randomized controlled trials of mind-body
therapies including yoga, meditation and tai-chi revealed small
but not statistically significant decreases in IL-6 and TNF-a
following such interventions (Morgan et al., 2014), and a later
descriptive review of this literature highlighted the inconsistent
nature of the findings with the majority of studies assaying
IL-6 and TNF-a demonstrating null effects (Bower and Irwin,
2015). It is important to note inconsistencies in pro- and
anti-inflammatory outcomes as well as inconsistent results across
studies that have been observed across previous yoga and
meditation-based studies. For example, Pullen et al. (2008)
showed decreases in IL-6, while Creswell et al. (2012) reported
no change in IL-6; Rosenkranz et al. (2013) showed that more
meditation practice was associated with lower TNF-a, while
Black et al. (2013) reported an increase in TNF-a mRNA
expression after yogic meditation; and Witek-Janusek et al.
(2008) reported increases in IFN-y activity in breast cancer
patients, while Carlson et al. (2003) reported a decrease in
a similar population. These studies tended to differ with
respect to the type of intervention (e.g., Kundalini yoga vs.
MBSR vs. Tai Chi), population (e.g., clinical vs. non-clinical),
setting, design and other methodological factors—lending to
the complexities involved in interpreting cytokine and other
biomarker samples. In addition, unexpected inflammatory
marker expression patterns may be optimally adaptive for
different populations. For example, Carlson et al. (2003) and
Witek-Janusek et al. (2008) both reported decreases in the
anti-inflammatory IL-10 in breast and prostate cancer patients
following MBSR, which might reflect a healthy improvement
given baseline stress-induced immune dysregulation in this
population (Witek-Janusek et al., 2007). Similarly, Yeh et al.
(2009) reported an increase in the pro-inflammatory cytokine
IL-12 in diabetes patients after Tai chi practice, which was
interpreted as related to an improvement toward metabolic
regulation.

IL-10, as a prototypical anti-inflammatory cytokine produced
by Th2 cells, has been shown capable of decreasing the
expression of the Thl-produced pro-inflammatory cytokines.
We hypothesize that the increase in IL-10 found here is
related to enhanced stress resilience as it is likely to act
in concert with the observed increases in pro-inflammatory
markers to ensure that inflammatory cascades are not actually
being turned on in these subjects. In support of the notion
that enhanced resilience is conferred through elevated IL-10
levels is the recent finding assessing inflammatory markers in
individuals exposed to urban violence in Brazil. Comparing
those individuals who developed PTSD vs. those that did not
indicated no difference between groups in IL-6 levels but
significantly higher IL-10 levels in the more resilient individuals
exposed to trauma but not experiencing PTSD (Teche et al,
2017).

In general, the optimal levels of cytokines are dynamic and
related to a fine tuned balance between readiness to engage the
inflammatory response when needed and a restraint on excessive
inflammation or in the extreme auto-inflammatory states. It
is likely that in chronically inflamed body states decreases in
pro-inflammatory markers and increases in anti-inflammatory
markers is adaptive, but the situation is much less clear in
non-inflamed healthy normals. For example, a yoga intervention
in breast cancer survivors reported decreases in IL-6, TNF-a, and
IL-1B (Kiecolt-Glaser et al., 2010). Breast cancer survivors carry
heavy inflammatory burden and thus the yoga intervention may
have a more significant anti-inflammatory effect in populations
with inflammatory burdens. Similarly, IL-6 and C-reactive
protein were reduced following Hatha yoga intervention in heart
failure patients, which represent another clinical population with
a high baseline inflammatory burden, compared to controls
(Pullen et al., 2008, 2010). In contrast, our participants scored
low on anxiety and depression symptomatology, and when
compared to previous literature in healthy normal populations
(Kleiner et al., 2013; Krishnan et al.,, 2014) our levels were
decreased in amplitude across the various cytokines obtained,
likely indicating that in this sample there was a reduced baseline
level of inflammatory marker expression.

Of note, surveying the previous literature we were not able
to find previous studies assaying cytokine levels in an equally
intensive long-term yoga-meditation retreat. We propose that in
relatively healthy adults, intense yogic and meditative practices as
assayed in the current study may recruit an integrate brain-body
response leading to increases in both pro- and anti-inflammatory
signaling processes in support of an upregulated vigorous
immunological surveillance system but with concomitant high
expression of the anti-inflammatory “break” that IL-10 may
represent. Further support of this hypothesis is that despite
the known inhibitory effect that IL-10 levels can have on
IL-12 expression, we found increased IL-10 levels tended to
correlate with increased IL-12 levels in our cohort, providing
further indirect support for the hypothesis that an unusual
state of regulatory shifts underlies the effects observed in
this dataset. Moreover, while we did assess many cytokines
involved in inflammatory signaling, these are just the tip of
an iceberg of complicated multifactorial signaling pathways
regulating this important biological function. It is possible
that further studies of a range of pro- and anti-inflammatory
cytokines in normal relatively unstressed subjects undergoing
salubrious mind-body interventions may replicate our findings
of a mixed upregulation of both anti-inflammatory and
pro-inflammatory cytokines in which case new theoretical
models of broad upregulation of these pathways will need to be
formulated.

As with the effect on BDNF described above, another
possible explanation for the post-retreat changes in cytokines
may be attributed to the physical exercise-related effects of
Hatha yoga. For example, acute exercise is known to increase
the expression of both pro-inflammatory IL-1 and TNF-a as
well as anti-inflammatory IL-6 and IL-10 (Northoff et al., 1994;
Ostrowski et al., 1999). Also, relationships between gender and
two of the assayed cytokines were obtained, indicating that in
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this sample the effect of the retreat on increased IFN-y and IL-10
was driven largely by women in the sample. We were not able to
find evidence for pronounced gender-related differences between
these cytokines in the literature and have no framework for
explaining this gender difference, however it does seem to imply
that there are sex-specific mechanisms at play in the response of
the immune system to yoga-meditation interventions.

There may be a relationship between the effects we
found on BDNF and those with inflammatory markers.
Previous studies have demonstrated both anti-inflammatory
and pro-inflammatory effects of BDNF—for example, BDNF
upregulated IL-10 and transcription factor NF-kB in models of
neuroinflammation investigating the neuroprotective effects of
BDNF (Jiang et al., 2011) but also increased IL-4 and IFN-y
in in vitro studies of human peripheral blood mononuclear
cells (Bayas et al., 2003). Moreover, a large body of evidence
has demonstrated that the negative impact of inflammation
on neurogenesis might be triggered through pro-inflammatory
cytokine-induced reductions in BDNF expression/signaling
(Calabrese et al., 2014). Here we do not see evidence that
pro-inflammatory cytokines decreased BDNF signaling—instead
we see very robust increases in BDNF levels as well as increases
in some pro-inflammatory cytokines, potentially arguing further
for our hypothesis that the observed cytokine changes are
related to a system-wide increase in readiness for immunologic
challenge.

Lastly, an alternative possible explanation for the observed
increase in pro-inflammatory cytokines is that they may have
increased because of an aspect of psychological stress inherent
in the intensive 3-month yoga-meditation retreat that we did
not ascertain using the current design. There may have been
some component of increased stress related to the intensive
group retreat process with limited free time for independent
relaxation and/or the social dynamics related to group practice
led by a charismatic teacher as well as being away from familiar
and normal activities for a prolonged period. The fact that
participants reported relatively little anxiety and depression
symptoms at baseline and improvements in these variables
argues against this interpretation, as does the increase in BDNF
and CAR indicative of improved psychophysiological wellness,
but it must be considered.

In sum, the yoga and meditative practices in the 3-month
intensive retreat appear to positively impact BDNF signaling,

REFERENCES

Aarse, J., Herlitze, S., and Manahan-Vaughan, D. (2016). The requirement
of BDNF for hippocampal synaptic plasticity is experience-dependent.
Hippocampus 26, 739-751. doi: 10.1002/hipo.22555

Acheson, A., Conover, J. C., Fandl, J. P., DeChiara, T. M., Russell, M., Thadani, A.,
et al. (1995). A BDNF autocrine loop in adult sensory neurons prevents cell
death. Nature 374, 450-453. doi: 10.1038/374450a0

Aggarwal, B. B., Shishodia, S., Sandur, S. K., Pandey, M. K., and Sethi, G.
(2006). Inflammation and cancer: how hot is the link? Biochem. Pharmacol.
72, 1605-1621. doi: 10.1016/j.bcp.2006.06.029

Akerstedt, T., and Levi, L. (1978). Circadian rhythms in the secretion of cortisol,
adrenaline and noradrenaline. Eur. J. Clin. Invest. 8, 57-58. doi: 10.1111/.1365-
2362.1978.tb00811.x

CAR, and immunological markers as well as improve subjective
well-being. It is likely that at least some of the significant
improvements in both HPA axis functioning as exemplified
by the CAR as well as neuroimmunologic functioning as
exemplified by increases in BDNF levels and alterations in
cytokines were due to the intensive meditation practice involved
in this retreat. We hypothesize that the pattern of biological
findings is related to enhanced resilience and well-being
with increased BDNF signaling possibly related to enhanced
neurogenesis and/or neuroplasticity, increased CAR likely
related to enhanced alertness and readiness for mind-body
engagement, and increased anti- and pro-inflammatory
cytokines possibly indicating enhanced immunological
readiness. These findings justify further studies of such
retreats assessing for the replicability, specificity and long-term
implications of these findings. Further research should seek
to employ appropriate control groups involved in similar
retreat-like interventions without the variable of meditative
practices (e.g., relaxation control). In addition, further controls
would allow for understanding of the role of other contextual
factors (e.g., social dynamics, diet, natural environment, relative
impact of a revered spiritual teacher, etc.) affecting the expression
and regulation of these biological processes. Future research that
assesses broad panels of biomarkers and global studies with more
appropriate control populations are needed to clarify the extent
to which these changes are related specifically to the meditation
and yoga practices, and given the suggestive findings reported
here such further work is warranted.

AUTHOR CONTRIBUTIONS

BRC: designed study, analyzed results and wrote the manuscript.
MSG: analyzed results and wrote the manuscript. RM: organized
data collection and analyzed results. CTP: wrote the manuscript.
PJM: designed study, organized data quantitation and edited the
manuscript.

FUNDING

The experimental costs for this work was funded by an
anonymous generous donor interested in Isha Yoga and the
authors contributed their time to accomplish the work.

Aste-Amezaga, M., Ma, X., Sartori, A., and Trinchieri, G. (1998). Molecular
mechanisms of the induction of IL-12 and its inhibition by IL-10. J. Immunol.
160, 5936-5944.

Barton, B. E. (1997). IL-6: insights into novel biological activities. Clin. Immunol.
Immunopathol. 85, 16-20. doi: 10.1006/clin.1997.4420

Bayas, A., Kruse, N., Moriabadi, N. F., Weber, F., Hummel, V., Wohleben, G.,
et al. (2003). Modulation of cytokine mRNA expression by brain-derived
neurotrophic factor and nerve growth factor in human immune cells. Neurosci.
Lett. 335, 155-158. doi: 10.1016/s0304-3940(02)01152-7

Binder, D. K., and Scharfman, H. E. (2004). Brain-derived neurotrophic factor.
Growth Factors 22, 123-131. doi: 10.1080/08977190410001723308

Black, P. H. (2002). Stress and the inflammatory response: a review of neurogenic
inflammation. Brain Behav. Immun. 16, 622-653. doi: 10.1016/s0889-
1591(02)00021-1

Frontiers in Human Neuroscience | www.frontiersin.org

10

June 2017 | Volume 11 | Article 315


https://doi.org/10.1002/hipo.22555
https://doi.org/10.1038/374450a0
https://doi.org/10.1016/j.bcp.2006.06.029
https://doi.org/10.1111/j.1365-2362.1978.tb00811.x
https://doi.org/10.1111/j.1365-2362.1978.tb00811.x
https://doi.org/10.1006/clin.1997.4420
https://doi.org/10.1016/s0304-3940(02)01152-7
https://doi.org/10.1080/08977190410001723308
https://doi.org/10.1016/s0889-1591(02)00021-1
https://doi.org/10.1016/s0889-1591(02)00021-1
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Cahn et al.

Increased BDNF after Meditation Retreat

Black, D. S., Cole, S. W., Irwin, M. R., Breen, E., St Cyr, N. M., Nazarian, N.,
et al. (2013). Yogic meditation reverses NF-kB and IRF-related transcriptome
dynamics in leukocytes of family dementia caregivers in a randomized
controlled trial. Psychoneuroendocrinology 38, 348-355. doi: 10.1016/j.
psyneuen.2012.06.011

Bocchio-Chiavetto, L., Bagnardi, V., Zanardini, R., Molteni, R., Nielsen, M. G.,
Placentino, A., et al. (2010). Serum and plasma BDNF levels in major
depression: a replication study and meta-analyses. World J. Biol. Psychiatry 11,
763-773. doi: 10.3109/15622971003611319

Bower, J. E., and Irwin, M. R. (2015). Mind-body therapies and control of
inflammatory biology: a descriptive review. Brain Behav. Immun. 51, 1-11.
doi: 10.1016/j.bbi.2015.06.012

Brewer, J. A., Worhunsky, P. D., Gray, J. R, Tang, Y.-Y., Weber, J., and
Kober, H. (2011). Meditation experience is associated with differences in
default mode network activity and connectivity. Proc. Natl. Acad. Sci. U S A
108, 20254-20259. doi: 10.1073/pnas.1112029108

Brown, R. P., and Gerbarg, P. L. (2005). Sudarshan Kriya yogic breathing in
the treatment of stress, anxiety and depression: part I—neurophysiological
model. J. Altern. Complement. Med. 11, 189-201. doi: 10.1089/acm.2005.
11.189

Brown, E. S., Varghese, F. P., and McEwen, B. S. (2004). Association of depression
with medical illness: does cortisol play a role? Biol. Psychiatry 55, 1-9.
doi: 10.1016/s0006-3223(03)00473-6

Brunelli, A., Dimauro, I, Sgro, P., Emerenziani, G. P., Magi, F., Baldari, C.,
et al. (2012). Acute exercise modulates BDNF and pro-BDNF protein content
in immune cells. Med. Sci. Sports Exerc. 44, 1871-1880. doi: 10.1249/mss.
0b013e31825ab69b

Buchanan, T. W., Kern, S., Allen, J. S., Tranel, D., and Kirschbaum, C. (2004).
Circadian regulation of cortisol after hippocampal damage in humans. Biol.
Psychiatry 56, 651-656. doi: 10.1016/j.biopsych.2004.08.014

Cahn, B. R,, and Polich, J. (2006). Meditation states and traits: EEG, ERP, and
neuroimaging studies. Psychol. Bull. 132, 180-211. doi: 10.1037/0033-2909.132.
2.180

Calabrese, F., Rossetti, A. C., Racagni, G., Gass, P., Riva, M. A., and Molteni, R.
(2014). Brain-derived neurotrophic factor: a bridge between inflammation and
neuroplasticity. Front. Cell. Neurosci. 8:430. doi: 10.3389/fncel.2014.00430

Calcagni, E., and Elenkov, I. (2006). Stress system activity, innate and T helper
cytokines and susceptibility to immune-related diseases. Ann. N Y Acad. Sci.
1069, 62-76. doi: 10.1196/annals.1351.006

Carlson, L. E., Speca, M., Faris, P., and Patel, K. D. (2007). One year
pre-post intervention follow-up of psychological, immune, endocrine and
blood pressure outcomes of mindfulness-based stress reduction (MBSR) in
breast and prostate cancer outpatients. Brain Behav. Immun. 21, 1038-1049.
doi: 10.1016/j.bbi.2007.04.002

Carlson, L. E., Speca, M., Patel, K. D., and Goodey, E. (2003). Mindfulness-based
stress reduction in relation to quality of life, mood, symptoms of stress, and
immune parameters in breast and prostate cancer outpatients. Psychosom. Med.
65, 571-581. doi: 10.1097/01.psy.0000074003.35911.41

Chen, Z.-Y., Jing, D., Bath, K. G, Ieraci, A, Khan, T., Siao, C.-J,, et al.
(2006). Genetic variant BDNF (Val66Met) polymorphism alters anxiety-related
behavior. Science 314, 140-143. doi: 10.1126/science.1129663

Chida, Y., and Steptoe, A. (2009). Cortisol awakening response and psychosocial
factors: a systematic review and meta-analysis. Biol. Psychol. 80, 265-278.
doi: 10.1016/j.biopsycho.2008.10.004

Chiesa, A., and Serretti, A. (2010). A systematic review of neurobiological and
clinical features of mindfulness meditations. Psychol. Med. 40, 1239-1252.
doi: 10.1017/50033291709991747

Clow, A., Hucklebridge, F., Stalder, T., Evans, P., and Thorn, L. (2010a). The
cortisol awakening response: more than a measure of HPA axis function.
Neurosci. Biobehav. Rev. 35, 97-103. doi: 10.1016/j.neubiorev.2009.12.011

Clow, A., Hucklebridge, F., and Thorn, L. (2010b). The cortisol awakening
response in context. Int. Rev. Neurobiol. 93, 153-175. doi: 10.1016/S0074-
7742(10)93007-9

Creswell, J. D., Irwin, M. R., Burklund, L. J., Lieberman, M. D., Arevalo, J. M. G.,
Ma, J., et al. (2012). Mindfulness-based stress reduction training reduces
loneliness and pro-inflammatory gene expression in older adults: a small
randomized control trial. Brain Behav. Immun. 26, 1095-1101. doi: 10.1016/j.
bbi.2012.07.006

Dahl, C.J., Lutz, A., and Davidson, R. J. (2015). Reconstructing and deconstructing
the self: cognitive mechanisms in meditation practice. Trends Cogn. Sci. 19,
515-523. doi: 10.1016/j.tics.2015.07.001

Davidson, R. J., and McEwen, B. S. (2012). Social influences on neuroplasticity:
stress and interventions to promote well-being. Nat. Neurosci. 15, 689-695.
doi: 10.1038/nn.3093

de Kloet, E. R, Joéls, M., and Holsboer, F. (2005). Stress and the brain: from
adaptation to disease. Nat. Rev. Neurosci. 6, 463-475. doi: 10.1038/nrn1683

Derogatis, L. R. (2000). BSI-18: Brief Symptom Inventory 18—Administration,
Scoring, and Procedures Manual. Minneapolis, MN: NCS Pearson.

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjérkholm, B., Samuelsson, A.,
et al. (2011). Normal gut microbiota modulates brain development and
behavior. Proc. Natl. Acad. Sci. U S A 108, 3047-3052. doi: 10.1073/pnas.1010
529108

Dinoff, A., Herrmann, N., Swardfager, W., Liu, C. S., Sherman, C., Chan, S.,
et al. (2016). The effect of exercise training on resting concentrations of
peripheral brain-derived neurotrophic factor (BDNF): a meta-analysis. PLoS
One 11:e0163037. doi: 10.1371/journal.pone.0163037

Duman, R. S., and Monteggia, L. M. (2006). A neurotrophic model for stress-
related mood disorders. Biol. Psychiatry 59, 1116-1127. doi: 10.1016/j.biopsych.
2006.02.013

Elenkov, 1. J., Iezzoni, D. G., Daly, A., Harris, A. G., and Chrousos, G. P.
(2005).  Cytokine  dysregulation, inflammation and  well-being.
Neuroimmunomodulation 12, 255-269. doi: 10.1159/000087104

Follesa, P., Biggio, F., Gorini, G., Caria, S., Talani, G., Dazzi, L., et al. (2007).
Vagus nerve stimulation increases norepinephrine concentration and the gene
expression of BDNF and bFGF in the rat brain. Brain Res. 1179, 28-34.
doi: 10.1016/j.brainres.2007.08.045

Fries, E., Dettenborn, L., and Kirschbaum, C. (2009). The cortisol awakening
response (CAR): facts and future directions. Int. J. Psychophysiol. 72, 67-73.
doi: 10.1016/j.ijpsycho.2008.03.014

Furmaga, H., Carreno, F. R., and Frazer, A. (2012). Vagal nerve stimulation rapidly
activates brain-derived neurotrophic factor receptor TrkB in rat brain. PLoS
One 7:€34844. doi: 10.1371/journal.pone.0034844

Furtado, M., and Katzman, M. A. (2015). Examining the role of
neuroinflammation in major depression. Psychiatry Res. 229, 27-36.
doi: 10.1016/j.psychres.2015.06.009

Galantino, M., Lou Baime, M., Maguire, M., Szapary, P. O., and Farrar, J. T.
(2005). Association of psychological and physiological measures of stress
in health-care professionals during an 8-week mindfulness meditation
program: mindfulness in practice. Stress Health 21, 255-261. doi: 10.1002/
smi.1062

Gotink, R. A., Meijboom, R., Vernooij, M. W., Smits, M., and Hunink, M. G. M.
(2016). 8-week mindfulness based stress reduction induces brain changes
similar to traditional long-term meditation practice-A systematic review. Brain
Cogn. 108, 32-41. doi: 10.1016/j.bandc.2016.07.001

Grossman, P., Niemann, L., Schmidt, S., and Walach, H. (2004). Mindfulness-
based stress reduction and health benefits: a meta-analysis. J. Psychosom. Res.
57, 35-43. doi: 10.1016/50022-3999(03)00573-7

Holzel, B. K., Carmody, J., Vangel, M., Congleton, C., Yerramsetti, S. M., Gard, T,
et al. (2011). Mindfulness practice leads to increases in regional brain gray
matter density. Psychiatry Res. 191, 36-43. doi: 10.1016/j.pscychresns.2010.
08.006

Holzel, B. K., Ott, U., Gard, T., Hempel, H., Weygandt, M., Morgen, K., et al.
(2008). Investigation of mindfulness meditation practitioners with voxel-based
morphometry. Soc. Cogn. Affect. Neurosci 3, 55-61. doi: 10.1093/scan/nsm038

Huang, E. ], and Reichardt, L. F. (2001). Neurotrophins:
neuronal development and function. Ann. Rev. Neurosci. 24, 677-736.
doi: 10.1146/annurev.neuro.24.1.677

Huang, T., Larsen, K. T., Ried-Larsen, M., Moller, N. C., and Andersen, L. B.
(2014). The effects of physical activity and exercise on brain-derived
neurotrophic factor in healthy humans: a review. Scand. . Med. Sci. Sports 24,
1-10. doi: 10.1111/sms.12069

Ikai, S., Suzuki, T., Uchida, H., Saruta, J., Tsukinoki, K., Fujii, Y., et al. (2014).
Effects of weekly one-hour Hatha yoga therapy on resilience and stress levels
in patients with schizophrenia-spectrum disorders: an eight-week randomized
controlled trial. J. Altern. Complement. Med. 20, 823-830. doi: 10.1089/acm.
2014.0205

roles in

Frontiers in Human Neuroscience | www.frontiersin.org

June 2017 | Volume 11 | Article 315


https://doi.org/10.1016/j.psyneuen.2012.06.011
https://doi.org/10.1016/j.psyneuen.2012.06.011
https://doi.org/10.3109/15622971003611319
https://doi.org/10.1016/j.bbi.2015.06.012
https://doi.org/10.1073/pnas.1112029108
https://doi.org/10.1089/acm.2005.11.189
https://doi.org/10.1089/acm.2005.11.189
https://doi.org/10.1016/s0006-3223(03)00473-6
https://doi.org/10.1249/mss.0b013e31825ab69b
https://doi.org/10.1249/mss.0b013e31825ab69b
https://doi.org/10.1016/j.biopsych.2004.08.014
https://doi.org/10.1037/0033-2909.132.2.180
https://doi.org/10.1037/0033-2909.132.2.180
https://doi.org/10.3389/fncel.2014.00430
https://doi.org/10.1196/annals.1351.006
https://doi.org/10.1016/j.bbi.2007.04.002
https://doi.org/10.1097/01.psy.0000074003.35911.41
https://doi.org/10.1126/science.1129663
https://doi.org/10.1016/j.biopsycho.2008.10.004
https://doi.org/10.1017/S0033291709991747
https://doi.org/10.1016/j.neubiorev.2009.12.011
https://doi.org/10.1016/S0074-7742(10)93007-9
https://doi.org/10.1016/S0074-7742(10)93007-9
https://doi.org/10.1016/j.bbi.2012.07.006
https://doi.org/10.1016/j.bbi.2012.07.006
https://doi.org/10.1016/j.tics.2015.07.001
https://doi.org/10.1038/nn.3093
https://doi.org/10.1038/nrn1683
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1371/journal.pone.0163037
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1016/j.biopsych.2006.02.013
https://doi.org/10.1159/000087104
https://doi.org/10.1016/j.brainres.2007.08.045
https://doi.org/10.1016/j.ijpsycho.2008.03.014
https://doi.org/10.1371/journal.pone.0034844
https://doi.org/10.1016/j.psychres.2015.06.009
https://doi.org/10.1002/smi.1062
https://doi.org/10.1002/smi.1062
https://doi.org/10.1016/j.bandc.2016.07.001
https://doi.org/10.1016/S0022-3999(03)00573-7
https://doi.org/10.1016/j.pscychresns.2010.08.006
https://doi.org/10.1016/j.pscychresns.2010.08.006
https://doi.org/10.1093/scan/nsm038
https://doi.org/10.1146/annurev.neuro.24.1.677
https://doi.org/10.1111/sms.12069
https://doi.org/10.1089/acm.2014.0205
https://doi.org/10.1089/acm.2014.0205
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Cahn et al.

Increased BDNF after Meditation Retreat

Irwin, M. R., and Cole, S. W. (2011). Reciprocal regulation of the neural and innate
immune systems. Nat. Rev. Immunol. 11, 625-632. doi: 10.1038/nri3042

Jevning, R., Wilson, A. F., and Davidson, J. M. (1978). Adrenocortical activity
during meditation. Horm. Behav. 10, 54-60. doi: 10.1016/0018-506x(78)
90024-7

Jiang, Y., Wei, N., Lu, T., Zhu, J.,, Xu, G., and Liu, X. (2011). Intranasal brain-
derived neurotrophic factor protects brain from ischemic insult via modulating
local inflammation in rats. Neuroscience 172, 398-405. doi: 10.1016/j.
neuroscience.2010.10.054

Keng, S.-L., Smoski, M. J., and Robins, C. J. (2011). Effects of mindfulness on
psychological health: a review of empirical studies. Clin. Psychol. Rev. 31,
1041-1056. doi: 10.1016/j.cpr.2011.04.006

Khattab, K., Khattab, A. A., Ortak, J., Richardt, G., and Bonnemeier, H. (2007).
Iyengar Yoga increases cardiac parasympathetic nervous modulation among
healthy yoga practitioners. Evid Based Complement. Alternat. Med. 4, 511-517.
doi: 10.1093/ecam/nem087

Kiecolt-Glaser, J. K., Christian, L., Preston, H., Houts, C. R., Malarkey, W. B.,
Emery, C. F,, et al. (2010). Stress, inflammation, and yoga practice. Psychosom.
Med. 72, 113-121. doi: 10.1097/PSY.0b013e3181cb9377

Klatt, M. D., Buckworth, J., and Malarkey, W. B. (2009). Effects of low-dose
mindfulness-based stress reduction (MBSR-1d) on working adults. Health Educ.
Behav. 36, 601-614. doi: 10.1177/1090198108317627

Kleiner, G., Marcuzzi, A., Zanin, V., Monasta, L., and Zauli, G. (2013). Cytokine
levels in the serum of healthy subjects. Mediators Inflamm. 2013:434010.
doi: 10.1155/2013/434010

Korol, D. L., Gold, P. E., and Scavuzzo, C. J. (2013). Use it and boost it with physical
and mental activity. Hippocampus 23, 1125-1135. doi: 10.1002/hipo.22197

Krishnan, V. V., Ravindran, R, Wun, T, Luciw, P. A., Khan, I. H, and
Janatpour, K. (2014). Multiplexed measurements of immunomodulator levels
in peripheral blood of healthy subjects: effects of analytical variables based
on anticoagulants, age, and gender. Cytometry B Clin. Cytom. 86, 426-435.
doi: 10.1002/cyto.b.21147

Lommatzsch, M., Zingler, D., Schuhbaeck, K., Schloetcke, K., Zingler, C., Schuff-
Werner, P., et al. (2005). The impact of age, weight and gender on BDNF levels
in human platelets and plasma. Neurobiol. Aging 26, 115-123. doi: 10.1016/j.
neurobiolaging.2004.03.002

Luders, E., and Cherbuin, N. (2016). Searching for the philosopher’s stone:
promising links between meditation and brain preservation. Ann. N Y Acad.
Sci. 1373, 38-44. doi: 10.1111/nyas.13082

Luders, E., Toga, A. W., Lepore, N., and Gaser, C. (2009). The underlying
anatomical correlates of long-term meditation: larger hippocampal and frontal
volumes of gray matter. Neuroimage 45, 672-678. doi: 10.1016/j.neuroimage.
2008.12.061

Lutz, A., Jha, A. P, Dunne, J. D, and Saron, C. D. (2015). Investigating
the phenomenological matrix of mindfulness-related practices from a
neurocognitive perspective. Am. Psychol. 70, 632-658. doi: 10.1037/a0039585

Matousek, R. H., Dobkin, P. L., and Pruessner, J. (2010). Cortisol as a marker for
improvement in mindfulness-based stress reduction. Complement. Ther. Clin.
Pract. 16, 13-19. doi: 10.1016/j.ctcp.2009.06.004

Matousek, R. H., Pruessner, J. C., and Dobkin, P. L. (2011). Changes in the
cortisol awakening response (CAR) following participation in Mindfulness-
Based Stress Reduction in women who completed treatment for breast cancer.
Complement. Ther. Clin. Pract. 17, 65-70. doi: 10.1016/j.ctcp.2010.10.005

Miller, G. E., Chen, E., Fok, A. K., Walker, H., Lim, A., Nicholls, E. F., et al. (2009).
Low early-life social class leaves a biological residue manifested by decreased
glucocorticoid and increased proinflammatory signaling. Proc. Natl. Acad. Sci.
U S A 106, 14716-14721. doi: 10.1073/pnas.0902971106

Miller, A. H., Maletic, V., and Raison, C. L. (2009). Inflammation and its
discontents: the role of cytokines in the pathophysiology of major depression.
Biol. Psychiatry 65, 732-741. doi: 10.1016/j.biopsych.2008.11.029

Morgan, N., Irwin, M. R., Chung, M., and Wang, C. (2014). The effects of mind-
body therapies on the immune system: meta-analysis. PLoS One 9:e100903.
doi: 10.1371/journal.pone.0100903

Mosser, D. M., and Zhang, X. (2008). Interleukin-10: new perspectives on an
old cytokine. Immunol. Rev. 226, 205-218. doi: 10.1111/j.1600-065x.2008.
00706.x

Naveen, G. H., Thirthalli, J., Rao, M. G., Varambally, S., Christopher, R., and
Gangadhar, B. N. (2013). Positive therapeutic and neurotropic effects of

yoga in depression: a comparative study. Indian J. Psychiatry 55, S400-S404.
doi: 10.4103/0019-5545.116313

Northoff, H., Weinstock, C., and Berg, A. (1994). The cytokine response to
strenuous exercise. Int. J. Sports Med. 15, S167-S171. doi: 10.1055/s-2007-
1021132

Novkovic, T., Mittmann, T., and Manahan-Vaughan, D. (2015). BDNF
contributes to the facilitation of hippocampal synaptic plasticity and learning
enabled by environmental enrichment. Hippocampus 25, 1-15. doi: 10.1002/
hipo.22342

Onen Sertoz, O., Tolga Binbay, I., Koylu, E., Noyan, A., Yildirim, E., and Elbi
Mete, H. (2008). The role of BDNF and HPA axis in the neurobiology
of burnout syndrome. Prog. Neuropsychopharmacol. Biol. Psychiatry 32,
1459-1465. doi: 10.1016/j.pnpbp.2008.05.001

Opal, S. M., and DePalo, V. A. (2000). Anti-inflammatory cytokines. Chest 117,
1162-1172. doi: 10.1378/chest.117.4.1162

Ostrowski, K., Rohde, T., Asp, S., Schjerling, P., and Pedersen, B. K. (1999).
Pro- and anti-inflammatory cytokine balance in strenuous exercise in humans.
J. Physiol. 515, 287-291. doi: 10.1111/j.1469-7793.1999.287ad.x

Pal, R, Singh, S. N., Chatterjee, A., and Saha, M. (2014). Age-related changes
in cardiovascular system, autonomic functions, and levels of BDNF of
healthy active males: role of yogic practice. Age 36:9683. doi: 10.1007/
s11357-014-9683-7

Pan, W., Banks, W. A., Fasold, M. B., Bluth, J., and Kastin, A. J. (1998).
Transport of brain-derived neurotrophic factor across the blood-brain
barrier. Neuropharmacology 37, 1553-1561. doi: 10.1016/s0028-3908(98)
00141-5

Papathanassoglou, E. D., Miltiadous, P., and Karanikola, M. N. (2015). May
BDNF be implicated in the exercise-mediated regulation of inflammation?
Critical review and synthesis of evidence. Biol. Res. Nurs. 17, 521-539.
doi: 10.1177/1099800414555411

Phillips, H. S., Hains, J. M., Armanini, M., Laramee, G. R., Johnson, S. A., and
Winslow, J. W. (1991). BDNF mRNA is decreased in the hippocampus of
individuals with Alzheimer’s disease. Neuron 7, 695-702. doi: 10.1016/0896-
6273(91)90273-3

Polyakova, M., Stuke, K., Schuemberg, K., Mueller, K., Schoenknecht, P., and
Schroeter, M. L. (2015). BDNF as a biomarker for successful treatment of mood
disorders: a systematic and quantitative meta-analysis. J. Affect. Disord. 174,
432-440. doi: 10.1016/j.jad.2014.11.044

Pruessner, M., Pruessner, J. C., Hellhammer, D. H., Bruce Pike, G., and Lupien, S. J.
(2007). The associations among hippocampal volume, cortisol reactivity and
memory performance in healthy young men. Psychiatry Res. 155, 1-10.
doi: 10.1016/j.pscychresns.2006.12.007

Pullen, P. R., Nagamia, S. H., Mehta, P. K., Thompson, W. R., Benardot, D.,
Hammoud, R, et al. (2008). Effects of yoga on inflammation and exercise
capacity in patients with chronic heart failure. J. Card. Fail. 14, 407-413.
doi: 10.1016/j.cardfail.2007.12.007

Pullen, P. R., Thompson, W. R., Benardot, D., Brandon, L. J., Mehta, P. K., Rifai, L.,
et al. (2010). Benefits of yoga for African American heart failure patients. Med.
Sci. Sports Exerc. 42, 651-657. doi: 10.1249/MSS.0b013e3181bf24c4

Robinson, F. P., Mathews, H. L., and Witek-Janusek, L. (2003). Psycho-endocrine-
immune response to mindfulness-based stress reduction in individuals infected
with the human immunodeficiency virus: a quasiexperimental study. J. Altern.
Complement. Med. 9, 683-694. doi: 10.1089/107555303322524535

Rosenkranz, M. A., Davidson, R. J., Maccoon, D. G., Sheridan, J. F., Kalin, N. H.,
and Lutz, A. (2013). A comparison of mindfulness-based stress reduction and
an active control in modulation of neurogenic inflammation. Brain Behav.
Immun. 27, 174-184. doi: 10.1016/j.bbi.2012.10.013

Rubia, K. (2009). The neurobiology of Meditation and its clinical effectiveness
in psychiatric disorders. Biol. Psychol. 82, 1-11. doi: 10.1016/j.biopsycho.2009.
04.003

Russo-Neustadt, A. A., Beard, R. C, Huang, Y. M, and Cotman, C. W.
(2000). Physical activity and antidepressant treatment potentiate the
expression of specific brain-derived neurotrophic factor transcripts in
the rat hippocampus. Neuroscience 101, 305-312. doi: 10.1016/s0306-4522(00)
00349-3

Scheller, J., Chalaris, A., Schmidt-Arras, D., and Rose-John, S. (2011). The pro- and
anti-inflammatory properties of the cytokine interleukin-6. Biochim. Biophys.
Acta 1813, 878-888. doi: 10.1016/j.bbamcr.2011.01.034

Frontiers in Human Neuroscience | www.frontiersin.org

June 2017 | Volume 11 | Article 315


https://doi.org/10.1038/nri3042
https://doi.org/10.1016/0018-506x(78)90024-7
https://doi.org/10.1016/0018-506x(78)90024-7
https://doi.org/10.1016/j.neuroscience.2010.10.054
https://doi.org/10.1016/j.neuroscience.2010.10.054
https://doi.org/10.1016/j.cpr.2011.04.006
https://doi.org/10.1093/ecam/nem087
https://doi.org/10.1097/PSY.0b013e3181cb9377
https://doi.org/10.1177/1090198108317627
https://doi.org/10.1155/2013/434010
https://doi.org/10.1002/hipo.22197
https://doi.org/10.1002/cyto.b.21147
https://doi.org/10.1016/j.neurobiolaging.2004.03.002
https://doi.org/10.1016/j.neurobiolaging.2004.03.002
https://doi.org/10.1111/nyas.13082
https://doi.org/10.1016/j.neuroimage.2008.12.061
https://doi.org/10.1016/j.neuroimage.2008.12.061
https://doi.org/10.1037/a0039585
https://doi.org/10.1016/j.ctcp.2009.06.004
https://doi.org/10.1016/j.ctcp.2010.10.005
https://doi.org/10.1073/pnas.0902971106
https://doi.org/10.1016/j.biopsych.2008.11.029
https://doi.org/10.1371/journal.pone.0100903
https://doi.org/10.1111/j.1600-065x.2008.00706.x
https://doi.org/10.1111/j.1600-065x.2008.00706.x
https://doi.org/10.4103/0019-5545.116313
https://doi.org/10.1055/s-2007-1021132
https://doi.org/10.1055/s-2007-1021132
https://doi.org/10.1002/hipo.22342
https://doi.org/10.1002/hipo.22342
https://doi.org/10.1016/j.pnpbp.2008.05.001
https://doi.org/10.1378/chest.117.4.1162
https://doi.org/10.1111/j.1469-7793.1999.287ad.x
https://doi.org/10.1007/s11357-014-9683-7
https://doi.org/10.1007/s11357-014-9683-7
https://doi.org/10.1016/s0028-3908(98)00141-5
https://doi.org/10.1016/s0028-3908(98)00141-5
https://doi.org/10.1177/1099800414555411
https://doi.org/10.1016/0896-6273(91)90273-3
https://doi.org/10.1016/0896-6273(91)90273-3
https://doi.org/10.1016/j.jad.2014.11.044
https://doi.org/10.1016/j.pscychresns.2006.12.007
https://doi.org/10.1016/j.cardfail.2007.12.007
https://doi.org/10.1249/MSS.0b013e3181bf24c4
https://doi.org/10.1089/107555303322524535
https://doi.org/10.1016/j.bbi.2012.10.013
https://doi.org/10.1016/j.biopsycho.2009.04.003
https://doi.org/10.1016/j.biopsycho.2009.04.003
https://doi.org/10.1016/s0306-4522(00)00349-3
https://doi.org/10.1016/s0306-4522(00)00349-3
https://doi.org/10.1016/j.bbamcr.2011.01.034
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

Cahn et al.

Increased BDNF after Meditation Retreat

Schmidt, H. D., and Duman, R. S. (2007). The role of neurotrophic factors in
adult hippocampal neurogenesis, antidepressant treatments and animal models
of depressive-like behavior. Behav. Pharmacol. 18, 391-418. doi: 10.1097/FBP.
0b013e3282ee2aa8

Sen, S., Duman, R., and Sanacora, G. (2008). Serum brain-derived neurotrophic
factor, depression and antidepressant medications: meta-analyses and
implications. Biol. Psychiatry 64, 527-532. doi: 10.1016/j.biopsych.2008.
05.005

Slavich, G. M., and Irwin, M. R. (2014). From stress to inflammation and major
depressive disorder: a social signal transduction theory of depression. Psychol.
Bull. 140, 774-815. doi: 10.1037/a0035302

Steptoe, A., Hamer, M., and Chida, Y. (2007). The effects of acute psychological
stress on circulating inflammatory factors in humans: a review and meta-
analysis. Brain Behav. Immun. 21, 901-912. doi: 10.1016/j.bbi.2007.03.011

Strawbridge, R., Arnone, D., Danese, A., Papadopoulos, A., Herane, A., and
Cleare, A. J. (2015). Inflammation and clinical response to treatment in
depression: a meta-analysis. Eur. Neuropsychopharmacol. 25, 1532-1543.
doi: 10.1016/j.euroneuro.2015.06.007

Swardfager, W., Lanctot, K., Rothenburg, L., Wong, A. Cappell, J., and
Herrmann, N. (2010). A meta-analysis of cytokines in Alzheimer’s disease. Biol.
Psychiatry 68, 930-941. doi: 10.1016/j.biopsych.2010.06.012

Tang, Y.-Y., Holzel, B. K, and Posner, M. L. (2015). The neuroscience of
mindfulness meditation. Nat. Rev. Neurosci. 16, 213-225. doi: 10.1038/nrn3916

Tang, Y. Y., and Posner, M. L. (2009). Attention training and attention
state training. Trends Cogn. Sci. 13, 222-227. doi: 10.1016/j.tics.2009.
01.009

Teche, S. P., Rovaris, D. L., Aguiar, B. W., Hauck, S., Vitola, E. S., Bau, C. H. D,,
et al. (2017). Resilience to traumatic events related to urban violence and
increased IL10 serum levels. Psychiatry Res. 250, 136-140. doi: 10.1016/j.
psychres.2017.01.072

Tellegen, A., and Atkinson, G. (1974). Openness to absorbing and self-altering
experiences (“absorption”), a trait related to hypnotic susceptibility. J. Abnorm.
Psychol. 83,268-277. doi: 10.1037/h0036681

Tilg, H., Dinarello, C. A., and Mier, J. W. (1997). IL-6 and APPs:
anti-inflammatory and immunosuppressive mediators. Immunol. Today 18,
428-432. doi: 10.1016/s0167-5699(97)01103-1

Tolahunase, M., Sagar, R., and Dada, R. (2017). Impact of yoga and meditation
on cellular aging in apparently healthy individuals: a prospective, open-label
single-arm exploratory study. Oxid. Med. Cell. Longev. 2017:7928981.
doi: 10.1155/2017/7928981

Varma, T. K., Toliver-Kinsky, T. E., Lin, C. Y., Koutrouvelis, A. P., Nichols, J. E.,
and Sherwood, E. R. (2001). Cellular mechanisms that cause suppressed y
interferon secretion in endotoxin-tolerant mice. Infect. Immun. 69, 5249-5263.
doi: 10.1128/iai.69.9.5249-5263.2001

Vivar, C., Potter, M. C., and van Praag, H. (2013). All about running: synaptic
plasticity, growth factors and adult hippocampal neurogenesis. Curr. Top.
Behav. Neurosci. 15, 189-210. doi: 10.1007/7854_2012_220

Voss, M. W, Vivar, C., Kramer, A. F., and van Praag, H. (2013). Bridging animal
and human models of exercise-induced brain plasticity. Trends Cogn. Sci. 17,
525-544. doi: 10.1016/j.tics.2013.08.001

Walach, H., Buchheld, N., Buttenmiller, V., Kleinknecht, N.,
Schmidt, S. (2006). Measuring mindfulness—the freiburg mindfulness
inventory (EMI). Pers. Individ. Dif. 40, 1543-1555. doi: 10.1016/j.paid.
2005.11.025

Warner-Schmidt, J. L., and Duman, R. S. (2006). Hippocampal neurogenesis:
opposing effects of stress and antidepressant treatment. Hippocampus 16,
239-249. doi: 10.1002/hipo.20156

Witek-Janusek, L., Albuquerque, K., Chroniak, K. R., Chroniak, C., Durazo-
Arvizu, R., and Mathews, H. L. (2008). Effect of mindfulness based stress
reduction on immune function, quality of life and coping in women newly
diagnosed with early stage breast cancer. Brain Behav. Immun. 22, 969-981.
doi: 10.1016/j.bbi.2008.01.012

Witek-Janusek, L., Gabram, S., and Mathews, H. L. (2007). Psychologic stress,
reduced NK cell activity and cytokine dysregulation in women experiencing
diagnostic breast biopsy. Psychoneuroendocrinology 32, 22-35. doi: 10.1016/j.
psyneuen.2006.09.011

Wiist, S., Wolf, J., Hellhammer, D. H., Federenko, I., Schommer, N., and
Kirschbaum, C. (2000). The cortisol awakening response-normal values and
confounds. Noise Health 2, 79-88.

Yeh, S. H.,, Chuang, H,, Lin, L. W., Hsiao, C. Y., Wang, P. W,, Liu, R. T, et al.
(2009). Regular Tai Chi Chuan exercise improves T cell helper function of
patients with type 2 diabetes mellitus with an increase in T-bet transcription
factor and IL-12 production. Br. J. Sports Med. 43, 845-850. doi: 10.1136/bjsm.
2007.043562

Zannas, A. S., Provencal, N., and Binder, E. B. (2015). Epigenetics
of posttraumatic stress disorder: current evidence, challenges and
future directions. Biol. Psychiatry 78, 327-335. doi: 10.1016/j.biopsych.
2015.04.003

Zheng, L. M., Ojcius, D. M., Garaud, F., Roth, C., Maxwell, E., Li, Z,
et al. (1996). Interleukin-10 inhibits tumor metastasis through an NK
cell-dependent mechanism. J. Exp. Med. 184, 579-584. doi: 10.1084/jem.
184.2.579

and

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Cahn, Goodman, Peterson, Maturi and Mills. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) or licensor are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Human Neuroscience | www.frontiersin.org

13

June 2017 | Volume 11 | Article 315


https://doi.org/10.1097/FBP.0b013e3282ee2aa8
https://doi.org/10.1097/FBP.0b013e3282ee2aa8
https://doi.org/10.1016/j.biopsych.2008.05.005
https://doi.org/10.1016/j.biopsych.2008.05.005
https://doi.org/10.1037/a0035302
https://doi.org/10.1016/j.bbi.2007.03.011
https://doi.org/10.1016/j.euroneuro.2015.06.007
https://doi.org/10.1016/j.biopsych.2010.06.012
https://doi.org/10.1038/nrn3916
https://doi.org/10.1016/j.tics.2009.01.009
https://doi.org/10.1016/j.tics.2009.01.009
https://doi.org/10.1016/j.psychres.2017.01.072
https://doi.org/10.1016/j.psychres.2017.01.072
https://doi.org/10.1037/h0036681
https://doi.org/10.1016/s0167-5699(97)01103-1
https://doi.org/10.1155/2017/7928981
https://doi.org/10.1128/iai.69.9.5249-5263.2001
https://doi.org/10.1007/7854_2012_220
https://doi.org/10.1016/j.tics.2013.08.001
https://doi.org/10.1016/j.paid.2005.11.025
https://doi.org/10.1016/j.paid.2005.11.025
https://doi.org/10.1002/hipo.20156
https://doi.org/10.1016/j.bbi.2008.01.012
https://doi.org/10.1016/j.psyneuen.2006.09.011
https://doi.org/10.1016/j.psyneuen.2006.09.011
https://doi.org/10.1136/bjsm.2007.043562
https://doi.org/10.1136/bjsm.2007.043562
https://doi.org/10.1016/j.biopsych.2015.04.003
https://doi.org/10.1016/j.biopsych.2015.04.003
https://doi.org/10.1084/jem.184.2.579
https://doi.org/10.1084/jem.184.2.579
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Human_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Human_Neuroscience/archive

	Yoga, Meditation and Mind-Body Health: Increased BDNF, Cortisol Awakening Response, and Altered Inflammatory Marker Expression after a 3-Month Yoga and Meditation Retreat
	INTRODUCTION
	MATERIALS AND METHODS
	Participants
	Participant Yoga and Meditation Background
	Description of the Retreat Intervention
	Assessment Schedule
	Psychometric Scales
	Salivary Cortisol
	BDNF and Inflammatory Biomarkers
	Statistical Analysis

	RESULTS
	DISCUSSION
	AUTHOR CONTRIBUTIONS
	FUNDING
	REFERENCES


