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Acute psychosocial stress increases serum BDNF levels:
an antagonistic relation to cortisol but no group differences
after mental training
R. Linz1,2, L. M. C. Puhlmann1,2, F. Apostolakou3, E. Mantzou4, I. Papassotiriou3, G. P. Chrousos5, V. Engert1,2 and T. Singer2,6

Brain-derived neurotrophic factor (BDNF) is an essential facilitator of neuronal plasticity. By counteracting the adverse effects of
excessive stress-induced glucocorticoid signaling, BDNF has been implicated as a resilience factor to psychopathology caused by
chronic stress. Insights into the effects of acute stress on peripheral BDNF levels in humans are inconclusive. The short-term
interplay between BDNF and cortisol in response to acute psychosocial stress remains unexplored. Furthermore, it is unknown
whether mental training that is effective at reducing cortisol reactivity can also influence BDNF during acute stress. In the current
study, we investigated serum BDNF levels during an acute psychosocial stress paradigm, the Trier Social Stress Test (TSST), in 301
healthy participants (178 women, mean age= 40.65) recruited as part of the ReSource Project, a large-scale mental training study
consisting of three distinct 3-month training modules. Using a cross-sectional study design, we first examined the relationship
between BDNF and salivary cortisol in a control group with no mental training. Subsequent analyses focused on differences in
BDNF stress levels between control and mental training groups. We show that serum BDNF is indeed stress-sensitive, characterized
by a significant post-stress increase and subsequent decline to recovery. While respective increases in BDNF and cortisol were not
associated, we found two indications for an antagonistic relationship. Higher BDNF peaks after stress were associated with steeper
cortisol recovery. On the other hand, the magnitude of the cortisol stress response was linked to steeper BDNF recovery after stress.
BDNF levels were not modulated by any of the mental training modules. Providing novel evidence for the dynamics of BDNF and
cortisol during acute stress, our findings may further inform research on the physiological mechanisms involved in stress
chronification and the associated health risks.
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INTRODUCTION
Brain-derived neurotrophic factor (BDNF) is abundantly expressed
in the human brain, promotes neuronal growth and differentia-
tion, and regulates adult synaptic plasticity [1, 2]. The expression
of BDNF is highly regulated by neuronal activity [3]. BDNF has
been implicated in a number of stress-related psychiatric diseases,
most notably in mood disorders [2, 4]. Suggesting a direct
contribution of the neurotrophin to pathogenesis, the neuro-
trophic hypothesis of depression [5] links chronic stress to a
reduction in BDNF and consequent neuronal atrophy in
depression-related brain areas (e.g., the hippocampus [6]). An
upregulation of BDNF through pharmacotherapy [7] has been
proposed to reverse atrophy, thereby counteracting the adverse
effects of excessive stress-induced glucocorticoid release [8, 9].
Research further highlights the importance of the BDNF-
Tropomyosin receptor kinase B (TrkB) signaling pathway in
antidepressant action and restoration of synaptic plasticity
[6, 10]. Chronically increased glucocorticoid signaling has been
shown to downregulate BDNF expression [11], and the

modulation of BDNF procession and secretion by glucocorticoids
and its receptor system were recently suggested (reviewed in
[12, 13]). In addition to opposite actions on synaptic plasticity,
findings from animal models reveal the close relation of BDNF
and glucocorticoids by demonstrating a role of BDNF in the
regulation of the hypothalamic−pituitary−adrenal (HPA) axis
and stress adaptation [14–17].
While the relation of chronic stress and BDNF is rather well

established, far less is known about the effects of acute stress
on BDNF levels. Overall, existing research suggests that BDNF is
stress-sensitive. However, magnitude and direction of acute stress-
induced BDNF changes differ substantially depending on the
investigated species, site and type or duration of stress-induction
[18]. As opposed to chronically elevated levels, transitory increases
in glucocorticoids, for example, can increase BDNF levels [18].
Mechanistic links supporting the notion that these pathways work
in conjunction were provided by studies showing that BDNF
receptor TrkB signaling was mediated by glucocorticoids [19].
Importantly, BDNF signaling was shown to affect glucocorticoid-
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receptor function [20], and further, interactions of glucocorticoid
receptor and TrkB in BDNF-stimulated neurotransmitter release
were recently revealed [21].
Increases in peripheral BDNF levels measured both in serum

and plasma are well documented for acute controllable stress in
the form of physical exercise [22, 23]. However, evidence for an
effect of psychosocial stress is scarce and inconclusive. The few
studies investigating levels of serum BDNF in response to
psychosocial stress used varying stress inductions in small and
selective samples and have produced conflicting results: While
one study found increased serum BDNF levels following
psychosocial stress (Trier Social Stress Test; TSST [24]) [25],
decreased serum BDNF levels were reported following a paradigm
combining psychological and physical stressors [26].
In sum, while evidence for opposite actions of chronic stress

and BDNF on synaptic integrity is accumulating, the effect of acute
psychosocial stress on peripheral BDNF levels in humans remains
poorly studied and ambiguous. Regarding the association
between BDNF and glucocorticoids, research suggests a complex
short-term interplay depending on dose and duration of
glucocorticoid signaling [18, 27]. As higher acute stress responsiv-
ity and failure to recover from elevated HPA-axis activation are
associated with long-term vulnerability to stress-related clinical
conditions [28], and desynchronization of BDNF-TrkB and
glucocorticoid-receptor signaling pathways contribute to stress
maladaptation [29], exploring the interrelation of BDNF and
cortisol under acute stress exposure in humans is a valid starting
point to advance our understanding of stress-coping and related
resilience or vulnerability.
The first aim of this study was therefore to provide evidence

on whether acute psychosocial stress, induced with the

TSST, influences peripheral BDNF levels. Further, we aimed to
examine the relation between stress-induced changes in BDNF
and cortisol.
Contemplative mental training interventions have become

popular non-pharmacological treatment options aiming to pro-
mote mental and physical wellbeing in healthy and clinical
populations [30–33]. The majority of established intervention
protocols (e.g. the 8-week mindfulness-based stress reduction
program; MBSR [34] or Mindfulness-Based Cognitive Therapy [35])
combine diverse mental practice types targeting functions such as
attention, socio-affective, and cognitive skills [36]. Our second
study aim was to explore whether these distinct mental practice
types differentially influence stress-induced BDNF levels. Given the
dynamic linkage of BDNF with stress [27] and cortisol [18],
a reduction in cortisol reactivity may be one potential mechanism
by which mental training alters BDNF release. In this context, and
in the current participant sample, we showed substantially
reduced cortisol reactivity to the TSST after the training of socio-
affective and socio-cognitive mental capacities [37].
To target our research questions, 332 participants enrolled in

the ReSource Project [38], a longitudinal training study involving
three distinct 3-month training modules cultivating (a) Presence
(present-moment focused attention and interoceptive awareness),
(b) Affect (gratitude, compassion, prosocial motivation and
dealing with difficult emotions) and (c) Perspective (metacogni-
tion and perspective-taking on self and others) in a within-
subjects design (see Fig. 1). Based on the available literature, we
hypothesized to find stress-induced increases in serum BDNF. In
line with a growing body of research suggesting that the actions
of glucocorticoids and BDNF are closely intertwined [12, 18], we
expected to find an association of BDNF with cortisol. If the release

Fig. 1 a Overview of the study design and participant numbers of the different groups in the cross-sectional stress-testing design. b Training
modules and daily core exercises
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of cortisol and BDNF following acute psychosocial stress was
found to be associated, we further hypothesized mental training
efficient in reducing cortisol reactivity [37, 39] to modulate BDNF
reactivity. Based on our previous findings [37], the two social
modules Affect and Perspective were expected to show the biggest
effect on peripheral BDNF levels.

METHODS
Participants
All participants of the ReSource Project underwent a comprehen-
sive mental health diagnostic interview with a trained clinical
psychologist. The interview included a computer-assisted German
version of the structured Clinical Interview for DSM-IV Axis-I
disorders, the SCID-I DIA-X [40], and a personal interview for Axis-II
disorders, the SCID-II [41, 42]. Volunteers were excluded if they
fulfilled criteria for an Axis-I disorder within the past 2 years, or for
schizophrenia, psychotic disorder, bipolar disorder, substance
dependency or an Axis-II disorder at any time in their life. Further,
medication intake influencing the HPA-axis resulted in exclusion
from the study. For details on the multistep recruitment
procedure, the complete list of inclusion/exclusion criteria and
the sample description of the ReSource Project, see [38]. Three
hundred and one participants (178 women, mean ± SD= 40.65 ±
9.3 years, 20–55 years) of the total 332 participants enrolled in the
ReSource Project provided BDNF data and were consequently
integrated in the present study. The missing 31 participants either
dropped out of the study (n= 10; 6 women), were excluded from
the study (n= 4; 3 women), were repeatedly unavailable
for testing (n= 5; 3 women) or did not provide blood samples
(n= 12; 8 women). Reasons for study dropout were time
constraints (n= 5; 2 women) or discomfort with the experiments
(n= 5; 4 women). Reasons for exclusion were medical (n= 3; 2
women) or prior mental training experience (n= 1 woman).
Further sample characteristics and descriptive statistics are
provided in Table S1 (Supplementary Materials). The ReSource
Project was registered with the Protocol Registration System of
ClinicalTrial.gov under the title “Plasticity of the Compassionate
Brain” (Identifier NCT01833104). It was approved by the Research
Ethics Boards of Leipzig University (ethic number: 376/12-ff)
and Humboldt University Berlin (ethic numbers: 2013-20, 2013-29,
2014-10). Participants gave written informed consent, could
withdraw from the study at any time and were financially
compensated.

Experimental design
Each participant underwent stress testing once, at different time-
points during the ReSource Project. This cross-sectional design (see
Fig. 1) resulted in 124 participants (72 women) being tested
without prior training (no-training-group, of which 78 participants
were part of the retest control cohort and 46 were part of the
training cohorts but tested at T0 prior to training onset). The
remaining 177 participants were tested after completion of either
one or two training modules: 44 at T1 following Presence, 45 at T1
following Affect, 44 at T2 following Presence and Affect, and 44 at
T2 following Presence and Perspective training. Details on the
matching of participants are available in the Supplementary
Materials and Table S1.

Procedure
One testing session with a total duration of 130 min took place
between 12 pm and 6 pm to account for potential diurnal
variation in serum BDNF and glucocorticoid levels [43, 44]. A
baseline blood sample for BDNF analysis was drawn 15min after
arrival (at −50min relative to stressor onset). Following a resting
period of 35 min, participants received TSST instructions (at −15
min) and, after a 15-min anticipation phase in which they
additionally completed questionnaires (see Supplementary

Materials), participants were exposed to the stress protocol (from
0 to 10min). A post-stress blood sample was drawn immediately
after termination of the stress test (at approx. 15 min), and a final
sample after a recovery period shortly before the end of the
testing session (at 60min). A more detailed study protocol
including specifics on the assessment of salivary cortisol is
reported in [37]. In contrast to the previous study [37], which
reported on a range of psychological and physiological stress
markers, we here focused on the serum BDNF stress response and
potential modulations after mental training. We calculated cortisol
reactivity and recovery indices derived from the previous study
(see below) to explore a potential relation to serum BDNF levels.
Thus, differences in the respective study samples exist, as
inclusion in the present study depended on the availability of
blood serum samples.

Stress induction
Participants underwent the Trier Social Stress Test [24]. The TSST
is the most frequently used psychosocial laboratory stress
protocol to reliably elicit both a physiological and psychological
stress response [45]. Following an anticipation phase (15 min in
the current study), participants completed a mock job-interview
(5 min) and a difficult mental arithmetic task (5 min) in the
presence of a committee of alleged behavioral analysts. Key
features for the efficacy of the TSST are socio-evaluative threat,
unpredictability and uncontrollability [46].

Measures
Brain-derived neurotrophic factor (BDNF). Blood (5.5 ml) was
collected into serum vacutainers (Sarstedt), allowed to clot for
30−45min, and subsequently centrifuged at 3500 rpm for 15 min.
Serum was frozen at −80 °C until assay. BDNF concentrations in
serum were determined with a quantitative sandwich enzyme
immunoassay technique (R&D Systems, Inc., Minneapolis, MN,
USA), using the recommended buffers, diluents and substrates.
The optical density of the color reaction was read using a
microtiter plate reader set at 450 nm. BDNF concentrations
(in pg/ml) in each sample were calculated according to a standard
curve. According to the manufacturer, the minimum detectable
dose of total BDNF ranged from 0.372 to 1.35 pg/ml, with a mean
value of 0.997 pg/ml. The intra- and interassay coefficients of
variation of <7% were determined by duplicate analysis of >6% of
randomly selected samples.

Cortisol. Saliva was sampled into Salivette collection devices
(Sarstedt, Nümbrecht, Germany). Participants were instructed to
place the collection swabs in their mouth and to refrain from
chewing for 2 min. Salivettes were stored at −30 °C until assay (at
the Department of Biological and Clinical Psychology, University of
Trier, Germany). Cortisol levels (expressed in nmol/l) were
determined in duplicate using a time-resolved fluorescence
immunoassay [47] with intra-/interassay variabilities of <10/12%.
As a measure of the magnitude of HPA-axis activation in response
to stress (reactivity), a change score for cortisol increase was
calculated (Δi, from baseline measurement to the average peak at
20min after stressor onset). Representing stress recovery, a
change score from the average peak to recovery at 55min (Δr)
was calculated. Stress recovery can take substantially longer than
the increase to peak, is subject to comprehensive interindividual
variability [48] and recognized as a major source of allostatic
load [49]. Measuring cortisol levels in saliva using Salivettes is
noninvasive and thus the method of choice in psycho-biological
stress research [50, 51]. Saliva cortisol levels have been shown to
be highly and reliably correlated to serum cortisol levels [52, 53].

ReSource training program
The ReSource Project investigated the effects of distinct mental
training techniques. The training program was parceled into
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separate 3-month training modules (Presence, Affect, and Perspec-
tive), each cultivating distinct cognitive and socio-affective abil-
ities [38]. Participants were divided in two 9-month training cohorts
experiencing the modules in different orders, two retest control
cohorts and one 3-month Affect training cohort. In detail, two
training cohorts (TC1, TC2) started their training with the Presence
Module. They then underwent Affect and Perspective Modules in
different orders. To isolate the specific effects of the Presence
Module, a third training cohort (TC3) underwent a 3-month Affect
Module only (Fig. 1). Participants attended 3-day retreats before
each training module. After the retreat, they met weekly for 2 h with
their teachers in groups. On the remaining days, they practiced
alone for approximately 30min via cellphone-app or internet
platform. The two core daily exercises varied depending on a given
training module.
As illustrated in Fig. 1b, the processes targeted in the Presence

Module are attention and interoceptive awareness, which are
trained through the two meditation-based core exercises Breath-
ing Meditation and Body Scan. The Affect Module targets the
cultivation of social emotions such as compassion, loving
kindness, and gratitude. It further aims to enhance prosocial
motivation and dealing with difficult emotions. The two core
exercises trained during the Affect Module are Loving-kindness
Meditation and Affect Dyad [54]. In the Perspective Module
participants trained metacognition and perspective-taking on self
and others through the two core exercises Observing-thoughts
Meditation and Perspective Dyad. Both dyadic exercises represent
a form of contemplative dialogue or “loud meditation” and are
realized in pairs of two. For details on the ReSource training
modules, including specifics on training times and core exercises
of each module, see [38].

Statistical analysis
Linear mixed effects models were fitted to accommodate the
hierarchical data structure in which repeated measures were
nested within subjects. In total, three multilevel models with
random intercepts were calculated to test our research questions.
The first two models were fitted only to the no-training group
and tested for an effect of acute stress on repeated measures of
BDNF (Model 1) as well as associations of stress-reactive BDNF
with salivary cortisol (Model 2). Model 3 tested the effects of the
specific mental training groups (no training, Presence, Affect,
Presence/Affect, Presence/Perspective). All models included age
and sex as covariates. Further information on the model-building
process including specific model equations are provided in
the Supplementary Materials. All analyses were performed using
R version 3.5.1 [55] and package lme4 [56]. Significance was set to
a level of p < 0.05. To account for skewedness, physiological data
were ln-transformed before analysis.

RESULTS
Participant numbers per group, as well as the available number
of serum BDNF samples and cortisol reactivity/recovery measures
are available in Table S2 (Supplementary Materials).
In an initial reliability check in the no-training group, the

efficacy of the stress protocol in inducing marked physiological
stress responses was confirmed. We observed cortisol increases of
over 1.5 nmol/l, which is conventionally defined as a substantial
cortisol response [57], in 75% of participants (also see [37]; minor
deviations in results are due to slight divergence between the
respective study samples).

Effects of acute stress on BDNF levels (no-training group)
As depicted in Fig. 2, BDNF levels significantly increased following
acute stress (main effect of slope to peak; β30= 0.001, t= 3.05,
p= 0.003) and showed a significant decrease back to baseline
afterwards (main effect of slope to recovery; β40=−0.002,

t=−4.85, p < 0.001). Higher age was associated with relatively
increased peak BDNF levels (β02= 0.006, t= 2.48, p= 0.014). Sex
was unassociated with BDNF levels (p > 0.6). Table 1 displays the
estimates of Model 1 parameters including covariates.

Association of stress-reactive BDNF with physiological and
psychological markers of stress (no-training group)
Model 2 explored the association between BDNF and cortisol
activity during the TSST and revealed associations of BDNF with
cortisol change scores (Table 2): Higher peak BDNF levels were
associated with a steeper cortisol recovery slope (F174= 12.31, p <

Fig. 2 BDNF measures (pg/ml) collected at −50 min (baseline),
+15 min (post-stress) and +60 min (recovery) relative to TSST
onset at 0 min

Table 1. Estimates of fixed and random effects for Model 1

Fixed effects Estimate (SE) t df p

Intercept 9.901 (0.106) 93.48 124.29 <0.001

Slope to peak 0.001 (≤0.001) 3.05 239.03 0.003

Slope to recovery −0.002 (≤0.001) −4.85 239.05 <0.001

Age 0.006 (0.003) 2.48 121.47 0.014

Sex 0.018 (0.046) 0.39 120.90 0.65

Random effects Variance (SD)

Subject 0.055 (0.234)

Model based on 364 observations in 124 subjects of the no-training group

Table 2. F-Test in Model 2 for effects of stress-induced changes in
cortisol on BDNF levels at peak and respective slopes

Fixed effects Cortisol

Δi Δr

F (df) p F (df) p

Intercept (peak) 0.04 (178) 0.839 12.31 (174) <0.001

Slope to peak 0.04 (231) 0.849 0.72 (231) 0.398

Slope to recovery 6.61 (231) 0.011 0.40 (231) 0.525

Random effects Variance (SD)

Subject 0.051 (0.225)

Satterthwaite approximation for degrees of freedom. Covariates included
in models: age, sex. Model based on 358 observations in 122 subjects of
the no-training group
BDNF brain-derived neurotrophic factor
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0.001), and a steeper BDNF decline (slope to recovery) was
associated with higher cortisol increases after stress (F171= 4.45,
p= 0.036). BDNF reactivity (slope to peak) was not associated with
cortisol increase. As in Model 1, age was associated with peak
BDNF levels (p= 0.015) while sex was not (p= 0.13).

Effects of mental training on stress-reactive BDNF levels
(all groups)
Model 3 tested for effects of specific training groups on BDNF
levels during stress. As depicted in Table 3, the factor training
group did not interact with BDNF peak levels (F504= 0.73, p > 0.5),
slope to peak (F570= 0.78, p > 0.5) or slope to recovery (F569=
1.58, p > 0.1). This implies that specific training groups (tested after
single modules or combinations of modules) did not significantly
differ from the no-training group regarding BDNF levels (peak,
increase or recovery).

DISCUSSION
The relation of chronic stress and basal levels of the neurotrophin
BDNF has received growing attention [7, 58]. However, evidence
for the effects of acute psychosocial stress on BDNF levels is rare,
and the reciprocal interaction of BDNF with cortisol remains poorly
understood. Furthermore, no study has investigated whether
contemplative mental training, found to efficiently decrease
stress-induced cortisol reactivity [37], also affects peripheral BDNF
levels following an acute psychosocial stress paradigm.
In a large sample of healthy participants, we show an increase

in serum BDNF following acute psychosocial stress induction.
While increases in serum BDNF and salivary cortisol were
unassociated, there was evidence for a negative relation of BDNF
with cortisol: higher overall levels of BDNF were linked to a steeper
cortisol recovery slope, and a steeper BDNF recovery slope (i.e.,
a faster return of stress-reactive BDNF to baseline levels) was
linked to higher cortisol stress reactivity. These results demon-
strate a dynamic interaction of BDNF and cortisol following a
single psychosocial stress exposure in humans, and mirror
previous accounts on their long-term antagonism. Stress-reactive
BDNF levels were uninfluenced by distinct mental training
practices. This null result is in correspondence with the finding
of uncorrelated reactivity of BDNF and cortisol in suggesting that
—although both measures show reciprocal dynamics during
acute stress—independent mechanisms of action drive their
respective initial release.
Consistent with our findings, increased serum BDNF levels after

acute psychosocial stress have been found in a small sample of
14 alcohol dependent and 10 healthy male adults [25]. Likewise,
acute physical exercise is a reliable trigger of serum BDNF

release [22]. However, a recent study found a post-stress decrease
in serum BDNF levels in a mixed-sex sample of 68 young adults
[26]. Besides differences in sample size and characteristics, we
attribute these conflicting results to methodical discrepancies
between studies, particularly regarding the utilized stress-
inductions. While both our and Meng’s study [25] employed a
classical psychosocial stress task, the TSST [24], Sharma et al. [26]
employed a combination of psychosocial and physical stressor.
Although the paradigm used in the latter study was of
considerable duration (30 min), it may have lacked the necessary
strength to elicit a substantial stress response, which is
conventionally affirmed by a cortisol surge of at least 1.5 nmol/l
from baseline [57]. Overall, given our considerably larger sample
size and successful stress induction, the current study offers strong
evidence for the sensitivity of serum BDNF levels to acute
psychosocial stress induction in healthy adults.
We found associations of BDNF and cortisol levels during stress.

Contrary to our hypothesis, however, BDNF reactivity was
unrelated to cortisol reactivity. Instead, higher overall BDNF levels
(measured in terms of the BDNF peak at 20 min after stressor
onset) were associated with a steeper cortisol recovery slope. Also,
a steeper BDNF decline (i.e., return of stress-reactive BDNF levels
to baseline) was associated with higher cortisol stress reactivity.
These associations are in line with accounts suggesting BDNF
and glucocorticoids to act in conjunction during stress [12, 14, 18].
Specifically, inverse associations between the two markers can be
hypothesized based on findings in which sustained or chronic
stress decreased BDNF levels [59]. We suggest that individuals
displaying a steeper cortisol recovery after acute stress experience
are generally less prone to suffer from the effects of excessive
long-term cortisol signaling, including the potential suppression of
BDNF levels. The ability to adequately terminate an acute stress
response and to swiftly recover cortisol to resting levels is crucial
in preventing sustained activation of the stress-system and thus
highly adaptive in reducing vulnerability to stress-related disease
[60]. Interestingly, it was not the increase in BDNF, but rather
the BDNF peak—which, in our model, is indicative of overall
BDNF levels—that was linked to a steeper cortisol stress recovery.
Thus, our finding may reflect the proposed long-term antagonism
of BDNF and chronic stress: individuals displaying a “healthy”
stress response (i.e., a steep recovery following stress-induced
cortisol release) show higher levels of BDNF.
Alternatively, the found association could denote an influence

of BDNF on the reduction of HPA-axis activation after stress.
The pivotal role of the hippocampus in regulating HPA-axis
activation, especially in terminating the stress response, is well
established [61, 62]. Animal models have further specified a role
of hippocampal BDNF in the proper regulation of acute stress
responses by showing that adult-born hippocampal neurons were
required for normal stress regulation [15], and that hippocampal
BDNF expression fostered resilience to chronic stress [16]. Since
peripheral BDNF levels seem to approximate levels in the brain
([63], but also see below for a more detailed discussion of this
issue), the present finding of higher serum BDNF relating to
steeper cortisol recovery may indicate synaptic integrity and
proper functioning of stress-regulatory brain areas [64]. Research
suggests that a deficient cortisol recovery is associated with
higher chronic stress [65], accumulation of allostatic load [49, 66],
and associated health risks such as depression [67]. Our finding
may hint at the potential value of acute stress-reactive serum
BDNF levels as a diagnostic risk marker for stress-chronification.
The second association found between BDNF and cortisol again

confirms an inverse relation of the two markers: a higher stress-
induced cortisol increase was associated with a steeper post-stress
BDNF decline. We interpret this association as compliant with
the previously found inverse dynamic of both measures and the
long-term antagonistic relationship of BDNF and cortisol. While
we are aware that the potentially involved molecular mechanisms

Table 3. F-Test in Model 3 for effects of distinct mental training
groups on BDNF levels at peak and respective slopes

Fixed effects Training group (Model 3)

F (df) p

Intercept (peak) 0.69 (505) 0.593

Slope to peak 0.78 (571) 0.538

Slope to recovery 1.55 (569) 0.185

Random effects Variance (SD)

Subject 0.045 (0.212)

Satterthwaite approximation for degrees of freedom. Covariates included
in models: age, sex. Models based on 878 observations in 301 subjects of
the no-training and all training groups
BDNF brain-derived neurotrophic factor
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of the acute crosstalk between BDNF and cortisol are incompletely
understood [12, 18], it could be speculated that the association
of higher stress-induced cortisol release with steeper post-stress
BDNF decline may indicate a direct regulatory influence of
circulating cortisol on BDNF recovery levels. Most robustly,
glucocorticoids have been found to downregulate BDNF gene
expression [58]. Suri and Vaidya [13] further suggest that
glucocorticoids may exert regulatory effects on BDNF at several
sites and different levels of BDNF pathways including synthesis
and secretion. Findings show that BDNF protein levels rapidly
respond to stress [27, 68] and significant changes in both BDNF
and cortisol are detectable in the periphery within 20min after
intervention onset [22, 69]. In line with these accounts, it may
be conceivable that we observed a direct downregulation of
BDNF through elevated post-stress cortisol levels.
So far, the only studies indirectly linking BDNF and cortisol in an

acute stress-setting in humans were investigations of the BDNF
Val66Met gene polymorphism [70–73]. In detail, different geno-
types—implicating differences in activity-dependent BDNF traf-
ficking and secretion [74]—were shown to modulate cortisol
responses to psychosocial stressors. In the present study, we
extend this evidence by showing an association of peripheral
levels of both BDNF and cortisol during acute stress. Interestingly,
our exploratory analyses (Supplementary Materials) reveal that
serum BDNF levels were unassociated with alpha-amylase, heart
rate (HR), high frequency heart rate variability (HF-HRV) or
subjective-psychological stress. Regarding alpha-amylase, which
we used as proxy of sympathetic adrenomedullary (SAM)
reactivity, this extends prior research showing that the BDNF
Val66Met polymorphism did not interact with alpha-amylase
release during the TSST [73]. Overall, HPA-axis reactivity measured
in terms of cortisol release seems to be most closely connected to
BDNF secretory pathways.
Based on the assumption of related stress-reactivity in cortisol

and BDNF and previous findings showing specific reductions in
cortisol reactivity (but not recovery) after the ReSource modules
Affect and Perspective [37], we expected to find according
modulations of BDNF following mental training. Surprisingly, the
training groups did not differ in post-stress BDNF release or
recovery. To the best of our knowledge, no other study has so far
addressed the question of whether acute stress-induced BDNF
release is modulated by different types of contemplative mental
practices. In fact, only one study using contemplative mental
training interventions has examined training effects on basal
BDNF levels. In this study [75], healthy volunteers took part in a
3-month retreat. Next to mindfulness-based mental training with a
focus on body and breath, participants practiced yoga and
underwent a strict dietary change. While basal serum BDNF levels
were found to increase throughout the retreat, effects cannot be
attributed to the mental training per se, since specifically physical
exercise has been shown to robustly modulate the availability of
BDNF in blood [23]. Regarding acute stress-reactive BDNF levels,
we conclude that serum BDNF changes are not sensitive to mental
training interventions focusing on present-moment attention,
socio-affective or socio-cognitive capacities. Although our findings
show a reciprocal link of peripheral BDNF and cortisol levels, the
fact that respective post-stress increases were not associated
suggests independent dynamics of respective release mechan-
isms. While it is an inherent claim of many mental training
protocols to foster stress resilience by providing emotional,
motivational or cognitive capacities relevant in (psychological)
stress-coping, BDNF release during acute stress seems less
susceptible to changes in these psychological skills. The absence
of an association of BDNF and subjective-psychological stress
experience (see Table S3, Supplementary Materials) further
supports this notion.
Our study is subject to some limitations. A more frequent

assessment of serum BDNF would have been beneficial to

acquire a fine-grained notion of the stress-induced dynamics of
BDNF and its relation to cortisol. Although we most likely
accurately captured the BDNF peak with our post-stress
measurement [25, 76], more detailed insights into the post-
stress recovery phase of BDNF would have been informative.
As Vega et al. [77] suggest that increased serum BDNF levels
can return to resting levels within 15 min after intervention,
interindividual differences in the circadian rhythm of peripheral
BDNF [30] might have added additional variance to our recovery
BDNF measurement. Lastly, it remains speculative to which
extent the observed changes in serum BDNF also apply to
central BDNF. Several studies show large variation of BDNF in
different brain sites [27]. Others suggest that at least hippo-
campal BDNF translated to peripheral BDNF in different species
[78, 79], and that human serum BDNF levels correlated with
other markers of cortical integrity [80]. For obvious reasons,
human studies on the in vivo relation of central and peripheral
BDNF levels are rare. In accordance with the assumption that
peripheral BDNF reflects central levels of the neurotrophin,
however, Pillai et al. [63] showed moderate correlations of BDNF
protein levels in cerebrospinal fluid and plasma. Regarding the
relation of salivary and central levels of cortisol, several findings
suggest a meaningful association: salivary cortisol levels relate
to total and free serum cortisol levels [50, 53] and further, high
correlations of peripheral (plasma) and cerebrospinal fluid
cortisol concentrations were reported [81]. Cortisol readily
enters the brain mainly via passive diffusion [82] where central
feedback loops are essential for regulation of HPA-axis activity
[62]. However, actions of cortisol are further determined by
receptor-mediated sensitivity for cortisol signaling [50],
which was not assessed in the present study but may be
particularly relevant in terms of vulnerability or resilience to
stress-induced disease [28, 29]. Future studies, preferentially in
vulnerable populations, should determine the predictive value
of acute, stress-reactive BDNF-cortisol associations in relation to
pathogenesis.
In summary, we demonstrate in a large healthy adult population

that serum BDNF levels are stress-sensitive. We also provide novel
evidence on the calibration of peripheral BDNF and cortisol during
acute psychosocial stress. Our findings indicate an acute inverse
relationship, consistent with the proposed long-term antagonism
of BDNF and chronic stress (and concomitant cortisol release).
Future research addressing the involved molecular mechanisms is
critically needed, particularly to elucidate potential acute regula-
tory influences of BDNF and cortisol onto each other. Yet, our
results suggest that measuring peripheral BDNF levels during
acute stress may be informative in assessing HPA-axis functioning.
While increasing evidence on the interplay of BDNF and cortisol
pathways suggests reciprocal influences on several levels and
differing timescales [29, 83], the present findings clarify their acute
relation on the peripheral level. The current results may thus
contribute to our understanding of how stress responses,
mediated by both BDNF and cortisol, can turn from adaptive to
pathologic.
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