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ABSTRACT

Psychosocial stress effects of urban living are associated with substantially increased risk for schizophre-
nia, mood and anxiety disorders, by altering stress-induced activity in the amygdala and pregenual
anterior cingulate cortex (ACC). Genetic factors are likely to modulate the impact of city living on stress
processing. Growing evidence suggests a key role of FKBP5, a co-chaperone regulating the glucocortic-
oid receptor sensitivity, in the etiology of stress-related disorders. Here we investigated the interaction
of city living and genetic variation in FKBP5 (rs3800373) on neural activity in stress-sensitive brain sys-
tems. Functional magnetic resonance imaging was performed in 31 healthy young adults using the
Montreal Imaging Stress Task. Subjects were divided into groups depending on the number of inhabi-
tants of their current residency. There was a significant main effect of city living on neural activity in
the amygdala-hippocampus complex, replicating prior findings. Moreover, we found an interaction
between rs3800373 and city living modulating responses in the bilateral subgenual ACC and right pre-
genual ACC. Specifically, only city dwellers carrying the FKBP5 minor risk allele showed increased stress
responses in the subgenual and pregenual ACC when compared to those living in small towns. A sig-
nificant gene-environment interaction on neural stress responses in the amygdala or hippocampus was
only found in FKBP5 major allele carriers. These results point to a potential role of the FKBP5 rs3800373
minor risk allele in predisposing those who live in bigger cities to changes of functional responsivity in
the pre- and subgenual ACC, thereby increasing the risk for developing stress-related mental disorders.
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1. Introduction

Psychosocial stress effects of urban living lead to substantially
increased risk for mood and anxiety disorders in city dwellers
(Peen et al., 2010), and for schizophrenia in individuals born
and raised in cities compared to those living in the country-
side (Pedersen & Mortensen, 2001). Although urban living
has benefits, e.g. better health care and employment oppor-
tunities (Dye, 2008), city dwellers are at greater risk for
chronic diseases, e.g. asthma (Cyril et al., 2013), are con-
fronted with a more stressful social environment and greater
social isolation (Godfrey & Julien, 2005). In this context, urban
living is seen as proxy for psychosocial stress (Lederbogen
et al.,, 2013).

It has been demonstrated that individuals currently living
in an urban environment showed increased amygdala activa-
tion in response to a cognitive-social stress task, while those
individuals born and raised in cities exhibited increased acti-
vation in the perigenual anterior cingulate cortex (ACC)
(Lederbogen et al., 2011). These brain structures are involved
in stress regulation and show structural and functional

alterations in patients with schizophrenia (Walton et al.,
2018) and depression (Videbech & Ravnkilde, 2004). Chronic
or repeated stress exposure has enduring effects on the brain
through stimulation of the hypothalamus-pituitary-adrenal
cortex (HPA) axis leading to the production of glucocorticoids
by the adrenal cortex (Lupien et al., 2009; Ulrich-Lai &
Herman, 2009). The hormones involved in the adaptation to
acute stress can be pathogenic when the individual is per-
manently overexposed.

The gene FK506 binding protein 5 (FKBP5) is a key regula-
tor of HPA axis responsiveness (Binder, 2009). It is a co-chap-
erone of the heat shock protein 90 and codes for the protein
FK506 binding protein 5-51, which regulates glucocorticoid
receptor (GR) sensitivity (Binder, 2009; Denny et al., 2000).
Functional genetic variants in FKBP5 such as rs3800373 have
been shown to be associated with an increase in GR-induced
FKBP5 upregulation, which causes a FKBP5-mediated intracel-
lular inhibition of GR that interrupt GR-dependent feedback
of the HPA axis on a systemic level. In turn, this can lead to
HPA axis dysregulation and stress-related phenotypes (Binder
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Figure 1. Graphical user interface of the Montreal Imaging Stress Task (MIST).
Top: Colored bar shows the performance indicators (top arrow = average per-
formance, bottom arrow = individual subject’s performance), the mental arith-
metic task, further down the progress bar reflects the imposed time limit.
Bottom: text field for feedback, and the rotary dial for the response submission
(Figure adapted from Dedovic et al., 2005).

et al., 2004). Previous studies showed that carrying the minor
risk allele of single nucleotide polymorphism (SNP) rs3800373
is associated with greater risk of developing psychiatric disor-
ders in adulthood when exposed to childhood trauma
(Matosin et al.,, 2018; Zannas et al., 2016), and is further asso-
ciated with alterations in amygdala, orbitofrontal and hippo-
campus volume (Hirakawa et al., 2016; Yun et al., 2020).
Based on the proven functional relevance, SNP rs3800373
was selected for the final analysis.

So far, no study has investigated the interaction effect of
FKBP5 with city living on brain function. To bridge this gap,
we examined the interaction of rs3800373 and urban living
on functional activity of brain regions shown to be involved
in the stress response, such as the amygdala and ACC
(Lederbogen et al., 2011). On the basis that FKBP5 risk alleles
modulate GR sensitivity, we hypothesized increased neural
activity patterns in the amygdala, hippocampus and ACC in
subjects living in cities and carrying the minor risk allele.

2. Methods
2.1. Participants

The initial sample consisted of 42 healthy subjects who were
recruited from the university environment in Goettingen, an
university city with around 130.000 inhabitants in Lower
Saxony, Germany. Of these, three participants had to be
excluded due to excessive head movements (more than
3mm) and eight participants were excluded because they
did not pass MRI data quality control (e.g. image artifacts).
FMRI data and FKBP5 rs3800373 genotype was available for
31 subjects aged 18-31years (mean age+SD: 23.39years
+3.26 years, 16 females). Information on use of nicotine, caf-
feine and alcohol were assessed in a semi-structured inter-
view two hours before fMRI scanning. All participants were of
European ancestry. Information on ancestry were collected
by self-reports of each individual and were confirmed by a
principal component analysis. Exclusion criteria were past or
present neurological or psychiatric disorders according to
ICD-10, a positive family history of psychiatric disorders, sub-
stance abuse during the last month, cannabis use during the

last two weeks, mental retardation, dementia, metabolic dis-
eases and pregnancy in women. The study was carried out in
accordance with the latest version of the Declaration of
Helsinki and all procedures in this study were approved by
the Ethics Committee of the University Medical Center
Gottingen. After complete description of all study procedures,
participants gave written informed consent.

2.2. Experimental task

To investigate the effects of perceiving and processing psy-
chosocial stress, all subjects performed the Montreal Imaging
Stress Task (MIST, Dedovic et al., 2005; see Figure 1) during
fMRI scanning (block design). All subjects were trained for
three to five minutes before scanning. The MIST consists of a
series of computerized mental arithmetic instructions com-
bined with social evaluative threat components that were
built into the program or presented by the investigator. The
task consisted of three test conditions (rest, control and
experimental) allowing the effects of stress and mental arith-
metic to be investigated separately. In the rest condition,
subjects were instructed to look at a static computer screen
on which no tasks were presented. In the control condition, a
series of mental arithmetic tasks were displayed on the com-
puter screen, and subjects had to submit their answers by
means of a response interface. A feedback appeared after
each submitted response (correct, incorrect or timeout). In
the experimental condition, difficulty and time limit of each
task were manipulated in a way that they exceeded the indi-
vidual's mental capacity. In addition to the tasks, information
about individual and average performance as well as
expected performance was displayed. To further increase the
social evaluative threat of the situation, a negative feedback
was provided after completion of each task. The experiment
lasted approximately 45 minutes.

2.3. Urbanicity scores

According to the German Federal Institute for Research on
Building, Urban Affairs and Spatial Development, three types
of municipal corporations can be distinguished based on the
number of inhabitants: big cities (>100k), middle town (>20k
<100k), and small town or community (<20k) (Milbert, 2013).
Following this classification, the current urbanicity (CU) of
participants was determined according to their current resi-
dency. Every year of residence was multiplied by the value of
related residency (CU score of 1: <20k; CU score of 2:
between 20k and 100k; CU score of 3: >100k).

2.4. Genotyping and sample structure

Human DNA was isolated from saliva obtained from all par-
ticipants and collected into Oragene saliva DNA kits (DNA
Genotek) using the Gentra Puregene Blood kit (Qiagen) with
standardized protocols. By using 400ng of DNA, genome-
wide SNP genotyping was conducted using lllumina
OmniExpress Genotyping BeadChips according to the manu-
facture’s standard protocols.



The SNP rs3800373 in the FKBP5 gene was identified on
the lllumina OmniExpress array. Minor allele (C) frequency of
the FKBP5 SNP rs3800373 was 0.33 in the sample. The
observed genotype distribution did not deviate from
Hardy-Weinberg equilibrium (x?=1.97, p=0.16, 1 degree of
freedom). To check for population outliers, we conducted a
principal component analysis included in EIGENSOFT software
(Price et al., 2006; https://www.hsph.harvard.edu/alkes-price/
software/). The analysis showed that the subjects included in
this study cluster together with HapMap3 European-descent
populations. Therefore, it is unlikely that the findings of this
study are due to population stratification.

2.5. Group classification

Based on individual genotypes, subjects were divided into
two groups following the dominant model: homozygous
major allele carriers (A/A; n=14) were compared with hetero-
zygous minor allele carriers and homozygous minor allele
carriers (TA/C and C/C; n=17). The dominant model was
chosen, because this defines the extreme in terms of the
power to detect the disease allele effect. In addition, all par-
ticipants were divided into groups depending on the CU
score, resulting in a group with CU score 1 and 2 (n=20)
and a group with CU score 3 (n=11). For the factorial ana-
lysis, subjects with score 1 and 2 were assigned to the low
CU group and with score 3 to the high CU group.

2.6. Statistical analyses

Demographic variables and behavioral data were analyzed
using the software package SPSS (IBM SPSS statistics 23.0).
Chi-squared tests were applied to determine differences
between groups regarding sex, handedness and substance
use (nicotine, caffeine, alcohol). Normal distribution of per-
formance data was tested using the Kolmogorov-Smirnov
test. To account for possible interaction effects, a repeated
measures ANOVA was performed for performance data (per-
centage of correct responses in the experimental condition
as compared to correct responses in the control condition)
for each run as well as for overall performance using geno-
type and CU score as between-subject factor. Independent t-
tests, Bonferroni-corrected for multiple comparisons, were
used to test for differences between groups. The significance
threshold was set to p < 0.05 (two-sided).

2.7. Acquisition and analysis of arousal and
stress measures

To assess cardiovascular response to the stress task, heart
rate was continuously sampled and blood pressure was
recorded before and after the session. Hormonal response
was measured by saliva cortisol sampling, with samples taken
before and after the stress induction. Subjective stress was
measured via numerical rating scale (NRS) before and after
the session, with a possible range of 0-10, “0” indicating
absence of any stressor and “10” maximum stress intensity
(Karvounides et al., 2016; von Baeyer et al., 2009; Debriefing
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was scheduled after the MRI scanning. Arousal and stress
data were analyzed in one-sample t-tests to compare the
experimental and control conditions using the software pack-
age SPSS (IBM SPSS statistics 23.0). The significance threshold
was set to p < 0.05 (two-sided).

2.8. FMRI data acquisition and analyses

The experiment was performed on a 3-Tesla Magnetom TIM
Trio Siemens scanner (Siemens Healthcare, Erlangen,
Germany) using a standard eight-channel phased-array head
coil. First, T1-weighted anatomical data with 1 mm isotropic
resolution were acquired. Second, thirty-seven axial slices
were acquired in interleaved acquisition order (slice thickness
= 3mm; gap 20%) using a T2*-sensitive echo-planar imaging
(EPI) sequence (interscan interval 2000 ms; echo time 30 ms;
flip angle 70°; field-of-view 192 mm). In three functional runs,
a total of 211 image volumes were acquired. Subjects
responded via button presses on a fiber optic computer
response device (Current Designs, Philadelphia, Pennsylvania,
USA), and stimuli were viewed through goggles (Resonance
Technology, Northridge, California, USA).

Functional images were preprocessed and analyzed with
SPM 8 (Wellcome Trust Center for Neuroimaging, University
College London, London, UK) using a general linear model.
Preprocessing comprised coregistration, realignment and
unwarping, corrections for slice-time acquisition differences
and low-frequency fluctuations, normalization into standard
stereotactic space [skull-stripped EPI template by the
Montreal Neurological Institute (MNI)], and spatial smoothing
with an isotropic Gaussian kernel filter of 9mm full-width
half-maximum. A vector representing the temporal onsets of
stimulus presentation was convolved with a canonical hemo-
dynamic response function to produce a predicted hemo-
dynamic response to each experimental condition. Nine
regressors went into the single subject analyses: rest, control
and experimental condition, each for functional run 1, 2 and
3. Linear t-contrasts were defined for assessing the specific
effects of each condition of interest. Single-subject contrast
images were taken to the second level to assess group
effects with random-effects analyses. Group effects were
examined using a full factorial model with the factors
“genotype” (2 groups: homozygous major allele carriers ver-
sus homo-/heterozygous minor allele carriers), “CU score” (2
groups: CU 1 and 2 versus 3), “task condition” (rest, control,
experimental) and “functional run” (1, 2, 3).

A region of interest (ROI) approach was used to investi-
gate group differences in brain regions previously shown to
be involved in the neural stress response, namely the amyg-
dala and ACC (Lederbogen et al., 2011). Small volume correc-
tions (SVC) with a 4mm sphere were applied using these
individual ROIls. Coordinates for the subgenual ACC (+12
34 —8; 8 20— 8) pregenual ACC (£16 50 0) and amygdala/
hippocampus (24 — 14 — 18) were derived from neuroimag-
ing studies, as determined by a meta-analysis conducted on
the neurosynth.org platform (status September 2020). Within
these ROIs, statistical inferences were made using a threshold
of p<0.05 after family-wise error (FWE) correction for
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multiple comparisons. Results at p < 0.05 uncorrected level
are reported for completeness.

Marsbar was used to extract mean blood oxygenation
level-dependent (BOLD) beta values from 2 mm boxes at the
reported maximal activation for each participant (Brett
et al., 2002).

3. Results
3.1. Behavioral, demographic and stress data

Thirty-one subjects participated in this study (homozygous
major allele A: 14 (8 females, 6 males); homo- and heterozy-
gous minor allele C: 17 (7 females, 10 males)). Demographic
characteristics of the sample are presented in Table 1. To pre-
clude that differences across groups would be driven by age,
sex, years of education and task performance instead of
genotype and urbanicity score, we tested for statistical differ-
ences in these parameters (Table 1). Analyses of percentage
of correct responses in the experimental condition compared
to the control condition for each run separately revealed no
significant main effect of genotype or urbanicity score
(p > 0.05). However, analysis of overall performance (i.e. over
all three experimental sessions) in the experimental condition
vs. control condition showed an effect of urbanicity score
(F,30=6.94, p=0.01, partial n°=0.39), indicating that only
the analysis of performance over all three runs is sensitive
enough to uncover an effect of urbanicity score.

Post hoc t-tests revealed better arithmetic performance in
subjects with high CU score (85.94+16.18) when compared
to those with low CU score (73.99+12.11) (=233,
p=0.03, Hedges’' g =0.81). However, this finding did not sur-
vive correction for multiple comparisons which would corres-
pond to p < 0.0125.

Statistical analysis of the online and offline stress meas-
ures revealed significantly elevated heart rate (t;30=8.45,
p < 0.001, Hedges' g =0.74), systolic and diastolic blood pres-
sure (tzo= —3.90, p=0.001, Hedges’ g=0.67; t3o= —3.00,
p=0.005, Hedges’ g=0.40), and subjective stress intensity
(teoy= —5.24, p<0.001, Hedges' g=0.79) after stress induc-
tion in all participants. However, saliva cortisol levels did not
significantly change over time (tzq= —0.45, p=0.66, Hedges'
g=0.09) (see Table 2).

3.2. FMRI data

ROI analyses revealed a significant main effect of city living
on BOLD response bilaterally in the amygdala-hippocampus
complex during arithmetical calculations inducing social
stress when compared to the control condition (right,

p=0.014; xyz = 26—16—-20, Z=220, k=15, Hedges
g=0.644; left, p=0.030; xyz=—20—10—18, Z=1.88, k=6,
Hedges’ g=0.529) and in the subgenual ACC (right,
p=0024; xyz = 14 32—-12, Z=197, k=15 Hedges'

g=0.533; left, p=0.014; xyz=—-16 30—10, Z=2.19, k=12,
Hedges' g=0.548; Table 3, Figure 2). Activation in these
brain regions significantly increased with higher urbanic-
ity level.

Furthermore, we found a significant G x E interaction of
the FKBP5 minor risk allele (C) with city living on neural stress
responses in the subgenual and pregenual ACC. More specif-
ically, only city dwellers carrying the FKBP5 minor risk allele
exhibited increased stress responses in the bilateral subge-
nual ACC (right, pFWE = 0.036; xyz = 14 36 — 10, Z=2.44,
k=25, Hedges' g=0.789; left, pFWE = 0.033; xyz=-16
34—-8, Z=247, k=19, Hedges' g=0.719) and right prege-
nual ACC (p=0.029; xyz = 14 52—-2, Z=1.90, k=15,
Hedges’ g =0.636) when compared to minor allele carriers
living in small towns (high CU > low CU), whereas this urban-
icity-related effect was not present in FKBP5 major allele car-
riers (Table 4, Figure 3).

There was an increase of stress-related activation in the
bilateral amygdala-hippocampus complex in major allele car-
riers (A/A) living in bigger cities compared to those living in
rural areas (high CU>low CU, right, pFWE = 0.041; xyz =
26 — 16 — 16, Z=12.38, k=55, Hedges' g = 1.026; left, pFWE =
0.036; xyz=-22—-10-20, Z=271, k=68, Hedges
g=0.902; Table 4), confirming the significant main effect of
city living on amygdala-hippocampus responsivity observed
in prior studies (Lederbogen et al., 2011). We only detected a
significant G x E interaction effect of the FKBP5 minor risk
allele with city living on amygdala-hippocampus complex
activity on a subthreshold level.

4. Discussion

The present study investigated the impact of urban environ-
ment and genetic variation in the FKBP5 gene on functional
characteristics of stress-sensitive brain regions. We found a
significant main effect of city living on functional responses
in the amygdala-hippocampus complex and subgenual ACC,
which replicates prior results indicating increasing activity
with higher CU (Lederbogen et al., 2011). More importantly,
we demonstrated a significant interaction of the FKBP5
rs3800373 genotype and city living with respect to functional
responsivity of bilateral subgenual ACC and right pregenual
ACC. Specifically, only FKBP5 rs3800373 minor allele carriers
living in bigger cities - when compared to those living in
small towns - showed increased activity in the bilateral sub-
genual and right pregenual ACC in response to cognitive
stress (MIST, Dedovic et al., 2005). In major allele carriers,
stress-related activity increased with the level of CU in the
amygdala-hippocampus complex.

The finding of elevated amygdala-hippocampus and sub-
genual ACC activity with increasing CU in response to social
stress during arithmetical calculation replicates a previous
study using the MIST (Lederbogen et al.,, 2011), and a study
investigating the effect of urban environment on stress- and
reward-related activity in the mesolimbic system (Kramer
et al., 2017). Both amygdala and hippocampus play a key
role in regulating the response to stress. Exposure to stress
leads to an increase of cortisol levels stimulating the amyg-
dala that exerts positive feedback over the HPA axis. The
hippocampus and prefrontal cortex, in turn, provide negative
feedback to the HPA axis enabling self-regulation of the
stress response (Dedovic, Duchesne, et al, 2009; Herman
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Table 1. Demographic data, current urbanicity scores and task performance of all subjects (n=31).

All participants (n=31) A/A carriers (n=14) A/C and C/C carriers (n=17) Tor %2 p value goro

Age (in years) 23.39+£3.21 24.36+3.32 22.59+£2.98 1.56 0.137 0.55
Sex, N 15 F/16 M 8F/6 M 7F/10M 0.78 0.38° 0.16
Education (in years) 15.52+2.26 16.07 £2.50 15.06 £ 2.01 1.25 0.22° 0.44
Handedness, N 29 R/2L 13 R/1L 17 R/1L 0.02 0.89° 0.03
Nicotine, N'* 2 0 2 1.76 0.19° 0.24
Caffeine, N 3 0 3 2.74 0.10° 0.30
Alcohol, N* 0 0 0 - 1.00° -
CU1+2/3 20/11 7/7 13/4 235 0.13° 0.28
Overall task performance (in %) 78.23+14.62 76.58 +£16.54 79.58 +13.21 1.89 0.58% 0.20
Abbreviations: CU: Current urbanicity score; F: female; g or ¢: Hedges' g or phi; L: left; M: male; R: right.
Data are presented as mean + standard deviation.
?p values derived from t-tests between groups.
PChi-squared tests were performed between groups.
*Nicotine, caffeine or alcohol use during the last two hours before fMRI scanning.

Table 2. Effect of stress induction on study participants.

Before stress Stress induction T p value® goro
Heart rate (beats per minute) 84.04 £12.37 94.59 +£15.00 8.45 <0.001 0.74
Blood pressure (mmHg)
Systolic 132.26 £ 13.57 141.29+14.82 —3.90 0.001 0.67
Diastolic 75.10£10.00 79.74+£10.97 —3.00 0.005 0.40
Saliva cortisol concentration (ng/ml) 3.87+1.50 4,08 +£2.99 —0.45 0.66 0.09
Subjective stress intensity 4.00+2.11 5.92+2.70 —5.24 <0.001 0.79

Abbreviations: g or ¢ , Hedges’ g or phi.
Data are presented as mean + standard deviation.
p values derived from t-tests before and after stress induction.

Table 3. Main effect of city living on neural stress responses in a priori regions of interest (experimental condition compared to the con-

trol condition).

MNI coordinates

Brain area X y z k T z Voxel-wise p value
Main effect of city living

R amygdala-hippocampus complex 26 —16 -20 15 2.21 2.20 0.014

L amygdala-hippocampus complex -20 -10 —18 6 1.88 1.88 0.030

R subgenual ACC 14 32 —-12 15 1.98 1.97 0.024

L subgenual ACC —16 30 -10 12 2.20 2.19 0.014

Abbreviations: ACC: anterior cingulate cortex; I: left; r: right.
p < 0.05, uncorrected.

Main effect of city living

Figure 2. Main effect of city living on neural stress responses. Increasing activa-
tion in the amygdala-hippocampus complex with increasing urbanicity score
(experimental condition > control condition). Activation was thresholded at
p < 0.05, uncorrected for illustration purposes.

et al., 2003; Ulrich-Lai & Herman, 2009). In vivo animal studies
have provided evidence that chronic stress exposure alters
the morphology (Joels et al., 2007) and enhances the excit-
ability of amygdala neurons (Rosenkranz et al, 2010).
Increased amygdala activation has commonly been observed

in stress-related disorders, such as depression (Drevets et al.,
2008). Greater hippocampal activity has been linked to inhib-
ition of the emotional response to stress (Dedovic, Rexroth,
et al,, 2009), suggesting a central role of both brain regions
in stress vulnerability.

In addition, we found a significant interaction effect of the
FKBP5 minor risk allele and city living in the pre- and subge-
nual ACC during arithmetical calculations. It is assumed that
rs3800373 minor allele carriers exhibit a higher expression of
FKBP5 and, thus, a higher cortisol level due to slower recov-
ery after stress (Binder et al., 2004; Linnstaedt et al., 2018). In
line with this assumption, comparison of rs3800373 risk allele
carriers living in big cities to those living in small towns dem-
onstrated increased reactivity in the right pregenual ACC as
well as bilaterally in the subgenual ACC. The subgenual ACC
plays a central role in regulating emotion and arousal (Bush
et al., 2000; Rudebeck et al., 2014), and has been implicated
in the neurobiology of depression and other affective disor-
ders (Davidson et al., 2002). Gotlib et al. (2005) demonstrated
greater activation in the subgenual ACC to both negative
and positive emotional stimuli in patients with major depres-
sive disorder when compared to nondepressed controls.
Furthermore, both subgenual and pregenual ACC have been
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Table 4. Brain activations in a priori regions of interest modulated by genotype and current urbanicity in the experimental condition com-

pared to the control condition.

MNI coordinates

Brain area X y z k T z Voxel-wise p value
C carriers High CU > Low CU

R pregenual ACC 14 52 -2 15 1.90 1.90 0.029

R subgenual ACC 14 36 -10 25 2.46 244 0.036*

L subgenual ACC —16 34 -8 19 2.49 247 0.033*

C carriers High CU < Low CU

Not significant

A/A carriers High CU > Low CU

R amygdala-hippocampus complex 26 -16
L amygdala-hippocampus complex -22 -10

—16 55 2.40 238 0.041*
—20 68 2.71 2.69 0.036*

A/A carriers High CU < Low CU

Not significant

Abbreviations: ACC: anterior cingulate cortex; I: left; r: right.
p < 0.05, uncorrected; *p < 0.05, FWE-corrected for small volume.

(A) FKBP5 minor allele carriers living in big cities vs rural areas

29
o

Mean contrast estimates at (14 36 -10) C

9

Rural area/Town City

Current urbanicity

T-values

Mean contrast estimates at (-16 34 -8)

Rural area/Town City

Current urbanicity

Figure 3. Interaction effect of FKBP5 minor risk allele carriers and city living on neural stress responses. (A) Minor allele carriers: subjects living in big cities com-
pared to subjects living in rural areas/towns showed an increased activation in the pregenual ACC and subgenual ACC (experimental condition > control condition).
Activation was thresholded at p < 0.05, uncorrected for illustration purposes. (B) Box plots show mean contrast estimates at the local activation maxima in the sub-
genual ACC in minor allele carriers (right: x= 14, y =36, z= —10; left: x =16, y = 34, z= —8) for the experimental compared to the control condition. (*p < 0.05).

shown to be a significant regulatory region for amygdala
activity (LeDoux, 2000), and may thereby modulate HPA acti-
vation via the amygdala (Herman et al.,, 2003). The pregenual
ACC is further involved in processing chronic social stressors

such as social defeat. Abnormalities in connectivity between
the pregenual ACC and amygdala during processing of affec-
tively negative stimuli have been shown in patients with
schizophrenia, but not in individuals at genetic risk for



psychosis (Rasetti et al., 2009), indicating a link to environ-
mental factors. A previous study reported that urban
upbringing was associated with reduced functional connect-
ivity between pregenual ACC and amygdala, while CU
showed no effect (Lederbogen et al., 2011). This may indicate
that exposure to urban environment early in life exclusively
has an effect on these functionally close brain regions which
needs to be addressed in future studies. The present findings
provide evidence that carrying the FKBP5 minor risk allele,
associated with higher cortisol levels, together with exposure
to social stress, as expressed by higher urbanicity scores, may
collectively increase functional responsivity in brain regions
regulating the HPA axis. Taken together, the increased func-
tional activity in the pre- and subgenual ACC with increasing
urbanicity score may represent, in part, FKBP5-mediated sen-
sitization of neural systems to stress.

Finally, we showed increased activation in the amygdala-
hippocampus complex both in FKBP5 major allele carriers
and - although at a subthreshold level - also in minor risk
allele carriers living in big cities when compared to the
respective control groups living in rural environments. The
weak interaction effect between minor risk allele carriers liv-
ing in an urban environment on amygdala-hippocampus acti-
vation might partly be explained by the limited number of
participants, and needs to be addressed in future studies
with larger genotype group sizes. These findings, however,
confirm the significant main effect of city living on amyg-
dala-hippocampus responsivity observed in previous studies
(Kramer et al., 2017; Lederbogen et al.,, 2011).

The MIST (Dedovic et al., 2005) has been proven to induce
stress-related effects on brain activity and physiological meas-
ures (Lederbogen et al, 2011). Indeed, we found altered
activity in the amygdala-hippocampus complex and ACC after
stress induction, as well as increased heart rate, blood pres-
sure and subjective experiences of stress. Although partici-
pants showed a nominally increase in saliva cortisol
concentration, the difference before and after stress induc-
tion was not statistically significant. This might partly be
explained by the well-known interindividual variability in HPA
axis stress responses (Kudielka et al., 2009). In addition, a
weak cortisol response does not necessarily exclude a prior
robust central stress response, as we found a significant car-
diovascular and subjective stress response. Cortisol response
to stress is an important validation criterion, but it might be
that the observed weak endocrine response is related to HPA
axis anticipation effects associated with the upcoming,
unfamiliar MRI procedure. Indeed, another fMRI study also
reported modest endocrine responses to stress using the
MIST (Pruessner et al., 2008).

The moderate sample size and its limited statistical power
are major limitations of the present study. Consequently, we
decided to test only a single gene variant and effects in ROIs
defined a priori. Therefore, all reported findings can only be
regarded as preliminary and warrants confirmation in future
studies with much bigger samples. However, some aspects of
our study may at least partly counterbalance this limitation.
We used a well-established experimental stress task (MIST,
Dedovic et al., 2005) and a promising intermediate pheno-
type approach. It has been shown that intermediate
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phenotypes are important tools to target brain mechanisms
of psychopathology even in limited samples (Mier et al.,
2010). In line with this, a previous study with a comparable
sample size (n=42) found an interaction between a func-
tional variant in the neuropeptide S receptor 1 gene and
urban living in the amygdala (Streit et al, 2014). In addition,
even with this moderate sample size we successfully repli-
cated the finding of increased activity in the amygdala/
hippocampus with increasing CU (Kramer et al, 2017;
Lederbogen et al,, 2011). As we only investigated one genetic
variant, we are not able to estimate the overall size of the
genetic effect of FKBP5 on our phenotypes. Nevertheless,
considering the functional characteristics of rs3800373 and its
proven link to inadequate normalization of cortisol secretion
in healthy individuals after psychosocial stress (Ising et al.,
2008; White et al.,, 2012), it is assumable that differences in
FKBP5-induced signaling modulate the link between urban
upbringing and stress processing in the ACC.

Urbanicity, as defined by population size, represents a
nonspecific factor with effects on brain function that may be
modified by other influences such as socioeconomic status or
exposure to stress and adversity in childhood. However, the
current sample consists of relatively high functioning univer-
sity students and all participants were screened for any his-
tory of mental illness. Although we cannot entirely preclude
that the observed effects were not confounded by other
environmental influences early in life, epidemiological studies
provided evidence for urbanicity effects to be independent
of socioeconomic factors and selective  migration
(Krabbendam & Van Os, 2005). In future research we aim to
clarify whether the observed changes of brain function
related to HPA axis genetic variation and urbanicity predict
later psychopathology (Binder et al., 2004; 2010).

5. Conclusion

The presented findings not only confirm a previously
reported effect of city living on increased brain responses in
the amygdala-hippocampus complex, but more importantly
also provide new evidence for a G x E interaction between
FKBP5 genotype and CU in modulating stress-related
responses in the pregenual and subgenual ACC, emphasizing
the importance of these brain regions in understanding
stress-related psychopathology. A significant G x E interaction
on responses in the amygdala-hippocampus complex was
only found in FKBP5 major allele carriers. These results sug-
gest that genetic variation leading to differences in HPA axis
function may increase individual’s vulnerability to urbanicity-
related potentiation of stress-related functional responses in
the pre- and subgenual ACC, which in turn may promote
future psychopathology when exposed to further stress.
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