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ABsTrACT

Objectives
There is increasing evidence that both immune and neurochemical alterations are involved 
in the pathogenesis of bipolar disorder; however, their precise role remains unclear. In this 
study, we aimed to evaluate neuro-immune changes in a prospective study on children of 
patients with bipolar disorder.

Methods
Bipolar offspring, originating from the prospective Dutch Bipolar Offspring Study (n = 
140), were evaluated cross-sectionally within a longitudinal context in adolescence, 
young adulthood and adulthood. We examined the expression of 44 inflammation-related 
genes in monocytes, and the cytokines pentraxin 3 (PTX3), chemokine ligand 2 (CCL2) and 
interleukin-1β and brain-derived neurotrophic factor (BDNF) and s100 calcium binding 
protein B (S100B) in the serum of bipolar offspring and healthy controls. 

results
During adolescence, bipolar offspring showed an increased inflammatory gene expression 
in monocytes, high serum PTX3 levels, but normal CCL2 levels. BDNF levels were decreased, 
while S100B levels were normal. During young adulthood monocyte activation remained, 
although to a lesser degree. Serum PTX3 levels remained high, and signs of monocyte 
migration became apparent through increased CCL2 levels. BDNF and S100B levels were 
not measured. In adulthood, circulating monocytes had lost their activation state, but CCL2 
levels remained increased. Both BDNF and S100B were now increased. Abnormalities were 
independent of psychopathology state at all stages.

Conclusions
This study suggests an aberrant neuro-immune state in bipolar offspring, which followed a 
dynamic course from adolescence into adulthood and was present irrespective of lifetime- 
or future mood disorders. We therefore assume that the aberrant neuro-immune state 
rather reflects a general state of vulnerability for mood disorders than being of direct 
predictive value. 
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inTroduCTion

Bipolar disorder is characterized by recurrent episodes of (hypo)mania and depression in 
alternation with periods of euthymia. There is accumulating evidence that the pathogenesis 
of bipolar disorder involves both immune and neurochemical changes (Andreazza et 
al., 2007; Beumer et al., 2012; Drexhage et al., 2010; Fernandes et al., 2011; Goldstein, 
Kemp, Soczynska, & McIntyre, 2009; Goldstein et al., 2011; Kauer-Sant’Anna et al., 2009; 
Modabbernia, Taslimi, Brietzke, & Ashrafi, 2013; Munkholm, Vinberg, & Vedel, 2013; 
Padmos et al., 2008; Schroeter et al., 2010). To date, most of these studies have focused 
on adult patients with already existing bipolar disorder and intensive pharmacological 
treatment. As suggested in clinical staging models, stage-related biological changes may 
be especially helpful in a better understanding of the early course of bipolar disorder and 
the development of new (preventive) treatment strategies (Berk et al., 2007; Berk et al., 
2011; Brietzke et al., 2012; McGorry et al., 2007). Children of patients with bipolar disorder 
(bipolar offspring) are at increased risk to develop bipolar spectrum and other mood 
disorders (Mesman, Nolen, Reichart, Wals, & Hillegers, 2013; Lapalme, Hodgins, & LaRoche, 
1997; Duffy et al., 2011). Hence, studies of bipolar offspring are valuable in unraveling the 
biological underpinnings of bipolar disorder, especially when studied in longitudinal design. 

In this study, we aimed to evaluate neuro-immune aspects, which are known to be 
altered in bipolar disorder, in the Dutch Bipolar Offspring Study, one of the world’s largest 
prospective bipolar offspring studies following bipolar offspring from adolescence into 
adulthood in the Netherlands (Hillegers et al., 2005; Mesman et al., 2013; Reichart et 
al., 2004; Wals et al., 2001). Bipolar offspring were cross-sectionally evaluated within a 
longitudinal context in adolescence (mean age 16), young adulthood (mean age 21) and 
adulthood (mean age 28). We investigated the expression in circulating monocytes of 
44 inflammation-related genes previously selected by us and examined in patients with 
bipolar disorder (Padmos et al., 2008; Heul-Nieuwenhuijsen et al., 2010; Drexhage et al., 
2010; Bergink et al., 2012). In addition, we measured serum levels of pentraxin 3 (PTX3), 
interleukin-1β (IL-1β) and chemokine ligand 2 (CCL2), monocyte products previously found 
to be increased in bipolar disorder (Padmos et al., 2008; Drexhage et al., 2010). And finally, 
we measured serum brain-derived neurotrophic factor (BDNF) and S100 calcium binding 
protein (S100B), a neurotrophic factor and an astrocyte activation marker frequently 
associated with mood disorders (Andreazza et al., 2007; Fernandes et al., 2011; Kauer-
Sant’Anna et al., 2009). We took into account whether the offspring had a lifetime mood 
disorder, would develop a ‘future’ mood disorder (i.e. during follow-up), had a lifetime 
diagnosis of a non-mood disorder, or had not developed any disorder into adulthood. To our 
knowledge, this is the first study, to explore the dynamic course of biological mechanisms 
in bipolar offspring longitudinally.
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Materials and Methods

Population and procedure
The Medical Ethical Review Committee of the University Medical Center Utrecht approved 
the study. Written informed consent was obtained from all subjects and their parents after 
a complete description of the study was given. 

Bipolar Offspring
Bipolar offspring described herein belong to an ongoing prospective bipolar offspring cohort 
in the Netherlands (Wals et al., 2001; Reichart et al., 2004; Hillegers et al., 2005; Mesman et 
al., 2013). The study design and recruitment procedure of the Dutch Bipolar Offspring Study 
have been described in detail by Wals et al. (2001). In short, 140 offspring (mean age 16, 
range 12-21 years) from 86 families with one parent diagnosed with bipolar disorder (74% 
BD, type I; 26% BD, type II) were recruited in the years 1997-1999 and followed for 12 years. 
Subjects were assessed at four time points: baseline, 1-, 5-, and 12-year follow-up (for an 
overview see Table 1). As illustrated in Table 1, baseline and 1-year follow-up assessments 
were considered as the adolescent phase; the 5-year follow-up as the young adulthood 
phase and the 12-year follow-up as the adulthood phase. In total, 108 (77%) subjects were 
followed for the full 12-years. Psychiatric status of the offspring was evaluated at each time 
point according to DSM-IV Axis I criteria by using the K-SADS-PL (First, Spitzer, Gibbon, & 
Williams, 1997) or after the age of 18 by the use of the SCID-I (Kaufman et al., 1997). A 
full description of lifetime psychopathology and demographic characteristics at the 12-year 
follow-up has been given elsewhere (Mesman et al., 2013). 

Healthy controls
Healthy controls were recruited cross-sectional at the various stages of the study from 
high schools (adolescent phase, recruited in 2001-2002), laboratory/medical staff and 
from control groups used in other studies (young adulthood phase recruited in majority 
between 2001-2005), and from university students (adulthood phase, recruited concurrent 
with the 12-year follow-up of the offspring study: 2010-2011). The inclusion criteria for 
healthy controls were the absence of (self-reported) psychiatric disorders and immune and/
or endocrine disease in both the subject and their first degree family members.

Both bipolar offspring and healthy controls were excluded from analyses in cases of 
clinical evidence of acute infections 14 days prior to blood withdrawal, illicit drug use within 
24 hours, or pregnancy. 

Blood collection and preparation
Blood was drawn between 8.00 a.m. and noon. No fasting instructions were provided. Blood 
was collected into clotting tubes for serum preparation and in sodium-heparin tubes for 
immune cell preparation in the University Medical Center Utrecht. Consecutively, samples 
were transported to the Erasmus Medical Center in Rotterdam for preparation. On site, all 
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serum samples were stored at -80°C. Samples from the baseline assessment were stored at 
-20°C. From the heparinized blood, peripheral mononuclear cell (PBMC) suspensions were 
prepared by low-density gradient centrifugation, as described previously in detail (Knijff 
et al., 2006). Samples were prepared within eight hours of sampling to avoid activation of 
the monocytes (erythrophagia). PBMC’s were frozen at 10% dimethylsulfoxide (DMSO) and 
stored in liquid nitrogen. This enabled us to run samples from bipolar offspring- and healthy 
controls in the same series of experiments. Care was taken to compare offspring and control 
PBMC samples that had been stored frozen for an identical periods of time.

Table 1 | General characteristics of the Dutch Bipolar Offspring Study 

Dutch Bipolar Offspring Study T1 T2 T3 T4

Phase Adolescence Adolescence Young Adulthood Adulthood

Follow-up Baseline 1-years 5-years 12-years

Year of assessment 1997-1998 1999-2000 2003-2004 2010-2011

n % n % n % n %

Demographic characteristics

Offspring 140 100 132 94 129 92 108 77

Males 72 51 71 53 69 53 58 54

Age, years, mean (range) 16.1 (12-21) 17.4 (13-23) 20.8 (16-26) 28 (22-32)

Families 86 100 82 95 80 93 70 81

Bipolar mothers 52 60 49 60 48 60 41 59

Bipolar I disorder 64 74 59 72 59 74 52 74

Lifetime DSM-IV axis I disorders

Any disorder 61 44 65 49 76 59 78 72

Any mood disorder 38 27 43 33 51 40 58 54

Bipolar disordera 4 3 5 4 13 10 12 11

Current mood disordersb 19 14 21 14 9 7 16 15

Current psychotropic medication NA NA 3 2 4 3 6 6

NA = not applicable
a bipolar disorder type I or II.
b Symptoms/episode present in the past two months for T1 and T2; mood disorder present in the past month for T3 and T4. 
This difference is due to a change in the diagnostic instrument. 

Gene expression in circulating monocytes
To evaluate mRNA expression in circulating monocytes, we used the 44 genes previously 
selected as abnormally expressed in bipolar disorder (Drexhage et al., 2010; Padmos et 
al., 2008), schizophrenia (Drexhage et al., 2010), major depressive disorder (Weigelt et al., 
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2011), postpartum psychosis (Bergink et al., 2012), autoimmune thyroid disorder (Heul-
Nieuwenhuijsen et al., 2010), as well as 4 interferon-inducible genes and the 2 transcripts 
of the active and inactive isoforms of the glucocorticoid receptors (GR-α, GR-β respectively) 
(Bergink et al., 2012). As previously described in Bergink et al. (2012), genes were clustered 
in 4 clusters: Cluster 1, including mostly genes involved in pro-inflammatory processes; 
Cluster 2 including genes involved in chemotaxis, motility, metabolic and cell adhesion 
processes; Cluster 3, an interferon-induced gene cluster; and Cluster 4, containing the two 
glucocorticoid-receptor transcripts GR-α and GR-β (Table 2). 

The CD14 positive monocytes were isolated from frozen PBMCs by magnetic cell 
sorting system (Miltenyi Biotec, Cologne, Germany). The purity of monocytes was > 95% 
[determined by morphological screening after Trypan Blue staining and FACS)]. The RNA was 
isolated from purified monocytes with RNAeasy columns according to the manufacturer’s 
instructions (Qiagen, Gaithersburg, Maryland) (Staal et al., 2004). One microgram RNA was 
reverse-transcribed with the High Capacity Complementary DNA Kit (Applied Biosystems, 
Nieuwerkerk a/d Ijssel, The Netherlands) for 120 min at 37°C, whereas reverse transcriptase 
polymerase chain reaction (RT-qPCR) was performed with a preloaded Taqman Low Density 
Array (TLDA) for real-time amplification and relative messenger RNA qualification (Applied 
Biosystems, Foster City, California). A TLDA is an array of 384 reaction wells for two-step RT-
qPCR. Each complementary DNA sample (40 μL) was added to 50 μL of 2x TaqMan universal 
PCR master mix (Applied Biosystems), and 10 μL RNase free water was added to obtain a 
total volume of 100 μL. After gentle mixing and centrifugation, the sample was transferred 
on a TLDA card. The card was sealed, and PCR amplification was performed with an Applied 
Biosystems Prism 7900HT sequence detection system (equipped with a TLDA upgrade). 
Thermal cycler conditions were: two min at 50°C, 10 min at 94.5°C, 30 sec at 97°C, and one 
min at 59.7°C for 40 cycles. Due to limitations of the technique, not all TLDA cards could be 
determined in one run. Hence, we aimed to include bipolar offspring and healthy controls 
from the same time point in each run. The quantitative value obtained from Q-PCR is a 
cycle threshold (Ct) calculated with the comparative threshold cycle method (Schmittgen & 
Livak, 2008). The fold change values between different groups were determined from the 
normalized Ct values (Ct gene – Ct housekeeping gene (ABL)), using the ∆∆Ct method (User 
Bulletin, Applied Biosystems, Foster City, California). The median fold change of healthy 
controls was set to 1. Data are expressed relative to this control-value. Values > 1 mean that 
bipolar offspring have higher expression than controls and vice versa.

Cytokines, Bdnf and s100B
Serum levels of CCL2 and IL-1β were measured using the Cytometric Bead Array kit (Bender 
MedSystems, Burlingame, California) according to the manufacturer’s protocol. Serum 
PTX3 levels were determined via an in house ELISA (M7M). Serum BDNF levels were 
assessed using the BDNF Quantikine ELISA kit (R&D Systems) according to manufacturer’s 
instructions. S100B levels were measured in an electrochemiluminescence immunoassay 
(S100 kit, Roche Elecsys®, Roche Diagnostics GmbH., Mannheim, Germany).
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data Analysis
At each phase (adolescence, young adulthood and adulthood, respectively) between- 
and within-group analyses were performed for all biological parameters. Between-group 
analyses tested differences between bipolar offspring and healthy controls in general. 
Within-group analyses were performed to reveal differences between affected, future 
affected and unaffected bipolar offspring. Psychopathology categories were defined as (i) 
lifetime mood disorder; (ii) future mood disorder; (iii) lifetime non-mood disorder; and (iv) 
no disorder. A lifetime mood disorder was defined as a current or previous mood disorder at 
time of assessment, including both severe (bipolar spectrum disorders and major depressive 
disorder) and minor mood disorders (e.g. depression not otherwise specified). Future 
mood disorder was defined as development of a mood disorder during follow-up. Both 
the mood- and future mood disorder category could contain offspring having a comorbid 
past, present or future non-mood disorder. A subject was classified as having a lifetime 
non-mood disorder when he/she reached the end of the study without developing a mood 
disorder, but was diagnosed with a current, previous or future (during follow-up) non-mood 
disorder. The category no disorder applied to all offspring not developing any major DSM-IV 
axis I disorder up to the last assessment. Subjects dropping out before the end of the study 
without having developed a mood disorder were included in the between-group analyses, 
but excluded from the within-group analyses, because of the uncertainty of their lifetime 
diagnoses. The number of subjects in the within-group and the between-group analyses 
could vary per experiment and assessment, and is thus reported in the text, tables and 
figure legends. 

Statistical Analysis
Statistical Analyses were performed using IBM SPSS Statistics for Windows, version 20.0 
(IBM Corp, Armonk, NY, USA). For sample characteristics, chi-square tests were used to 
evaluate categorical data; independent t-tests were performed for continuous data. 
Kolmogorov-Smirnov tests and normality plots were used to test for normal distribution; 
Levene’s test was used to test for the assumption of homogeneity. Since the majority of 
biological parameters were non-normally distributed, data were log-transformed (log10). 
Despite careful selection of healthy controls, gender and age differences occurred in 
most experiments. Generalized linear model (GLM) analyses were used to detect group 
differences and allowed us to adjust for age and gender. Level of significance was set at 
.05 unless otherwise specified. Gene expression analyses were corrected for multiple 
comparison by use of a Bonferonni-correction. 
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Table 2 | Gene expression in circulating monocytes of bipolar offspring relatively expressed to healthy 
controls. 

Adolescence Young Adulthood Adulthood

Median fC pb Median fC pb Median fC pb

Cluster 1

IL1A 595.23 < .001 1.30 0.003 0.45 0.32

IL1B 93.12 < .001 1.66 0.01 0.63 0.05

CCL20 688.25 < .001 2.19 0.03 0.46 0.43

IL6 990.54 < .001 2.28 0.08 0.83 0.21

PTX3 22.57 < .001 1.30 0.58 0.68 0.08

IRAK2 129.14 < .001 2.50 < .001 0.38 0.003

TNF 38.29 < .001 0.77 0.003 0.94 0.56

BCL2A1 22.53 < .001 1.55 0.03 0.97 0.67

CXCL2 49.09 < .001 2.01 0.08 0.74 0.01

PTGS2 18.43 < .001 0.96 < .001 0.58 0.04

ADM 10.66 < .001 2.53 < .001 1.05 0.23

BTG3 16.60 < .001 1.94 < .001 0.87 0.06

SERPINB2 123.88 < .001 1.37 0.08 0.84 0.48

PDE4B 7.07 < .001 1.42 0.02 0.64 0.07

TNFAIP3 8.47 < .001 1.26 0.001 0.70 0.47

ATF3 3.16 < .001 1.23 0.01 0.96 0.67

CDC42 6.11 < .001 2.32 < .001 1.08 0.38

MAFF 29.01 < .001 2.62 < .001 0.80 0.14

DUSP2 4.66 < .001 1.50 0.49 0.82 0.12

EREG 53.09 < .001 3.42 0.34 0.95 0.04

Cluster 2

CCL7 489.31 < .001 13.59 0.02 0.41 0.42

FCAR 3.66 < .001 1.34 < .001 ‒ NA

PTPN7 2.49 < .001 2.04 < .001 0.81 0.08

THBD 6.24 < .001 1.50 0.001 1.06 0.89

RGCC 16.44 < .001 4.66 < .001 0.65 0.26

STX1A 8.89 < .001 6.59 0.003 0.70 0.04

EMP1 3.21 < .001 3.65 < .001 0.64 0.07

NAB2 3.21 <.001 3.73 < .001 0.79 0.24

MAPK6 6.65 < .001 1.37 0.001 1.03 0.92

DHRS3 2.81 < .001 1.34 0.02 0.89 0.61

MXD1 3.82 < .001 1.57 0.04 1.01 0.72

IL1R1 4.11 < .001 1.38 0.02 1.00 0.42

CCL2 6.79 < .001 1.71 0.007 0.68 0.95
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Table 2 | (Continued)

Adolescencea Young Adulthood Adulthood

Median fC pb Median fC pb Median fC pb

Cluster 2

EGR3 5.77 < .001 2.08 0.002 0.55 0.082

CD9 2.10 0.03 1.84 0.18 1.04 0.99

FABP5 3.43 < .001 0.98 0.29 1.12 0.23

interferon cluster

IFI44 1.43 0.001 1.07 0.19 1.26 0.02

IFI44L 1.00 0.20 0.82 0.56 ‒ NA

IFIT3 6.60 < .001 0.65 0.32 1.50 0.03

HSPA1A 0.95 0.668 0.50 < .001 1.10 0.29

ADAM17 1.10 0.041 0.89 0.07 ‒ NA

IFI27 1.30 0.283 1.02 0.87 1.66 0.24

Glucocorticoid Cluster

NR3C1: GR-alpha 1.1406 0.024 0.9155 0.54 1.0847 0.05

NR3C1: GR-beta 2.0528 < .001 1.5836 < .001 1.1727 0.42

Monocyte gene expression arrays of bipolar offspring were available in adolescence (1-year follow-up, mean age of 17 
years, n = 24, 67% male, age range 13-22), young adulthood (5-year follow-up, 21 years, n = 97, 55% male, age range 16-
26) and adulthood (12-year follow-up, 28 years, n = 95, 57% male, age range 22-32). For each phase healthy controls were 
selected: adolescence: n = 33, 67% male, mean age 14 (range 12-16); young adulthood: n = 31, 45% male, mean age 21 
(range 17-27); and adulthood: n = 45, 53% male, mean age 26 (range 22-32). The quantitative value obtained from Q-PCR is 
a cycle threshold (Ct). The fold change (FC) values between different groups were determined from the normalized Ct values 
(Ct gene – Ct housekeeping gene (ABL)), via the ∆∆Ct method (User Bulletin, Applied Biosystems, Foster City, California). 
The median fold change of healthy controls (HC) set to 1. Data are expressed relative to this HC-value. Values > 1: bipolar 
offspring have a higher expression than HC. Values < 1: bipolar offspring have a lower expression than HC. NA means the 
particular gene expression was not determined. Level of significance was set at .001 (Bonferroni correction: p .05/44 genes 
= .001). 
a 17 out of 24 bipolar offspring at T2, originated from the same sample used in Padmos et al. (Padmos et al., 2008).
b P-values are adjusted for age and gender.
See appendix for the list of gene definitions.

rEsulTs

Between-group analyses
Adolescence
In Table 2 the expression levels of the 44 immune activation genes in circulating monocytes 
are presented. In the adolescent phase, almost all (88.6%, 39 out of 44) genes were over-
expressed in the monocytes of bipolar offspring as compared to healthy controls. Over-
expression occurred in Cluster 1 and Cluster 2 genes. With regard to GR gene expression, 
it appeared that the inactive isoform (GR-β), but not the active isoform (GR-α) of the GR 
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showed significantly higher expression in the monocytes of bipolar offspring, suggesting 
steroid resistance at the level of the monocyte. In Figure 1a, we depict the gene expression 
in an alternative way, as the percentage of genes over-expressed in circulating monocytes, 
reflecting a clear difference with healthy controls (Mann-whitney U = 761, p < 0.001, effect 
size r = 0.79). 

With regard to the tested pro-inflammatory cytokines, we found increased serum levels 
of PTX3 in bipolar offspring (median = 162 pg/ml, n = 124 and median = 126 pg/ml, n = 62 at 
the mean ages 16 and 17 years respectively) compared to healthy controls (median = 93 pg/
ml, n = 74 and median = 52 pg/ml, n = 41 at the mean ages of 14 and 20 years respectively) 
(ages 16/14 β = 0.180, p < 0.001, and β = 0.238, p < 0.001 af ages 17/20). With regard to 
serum levels of IL-1β, a difference was not found between bipolar offspring (median = 10 
pg/ml, n = 123) and healthy controls (median = 7.56 pg/ml, n = 50), β = 0.017, p = 0.772. 
Also, CCL2 levels were not statistically increased in bipolar offspring (β = 0.046, p = 0.121, 
see Figure 2a). 

Regarding neurotrophin BDNF, we found decreased levels of BDNF in bipolar offspring 
compared to healthy controls, (β = -0.101, p < 0.001; Figure 3a), suggesting decreased 
neuronal growth, synaptic plasticity and/or neuronal survival processes during adolescence. 
Levels of serum S100B, secreted by activated astrocytes, were not altered in bipolar offspring 
in comparison to healthy controls, (β = -7.475E005, p = 0.678; Figure 4a). 

Young adulthood 
In the phase of young adulthood, the higher expression of immune genes in monocytes 
of offspring in comparison to healthy controls became less pronounced: 16 (36.4%) out of 
the 44 genes investigated showed significantly higher expression (Table 2). The decrease 
in over-expressed genes in monocytes can also be seen in Figure 1a (in the alternative 
depiction). However, the difference compared with healthy controls was still significant 
with a moderate effect size, U = 2207, p < 0.001, r = 0.38. Despite the decrease in immune 
activation of the monocytes, the GR-β gene still showed higher expression in the monocytes 
(Table 2).

The serum level of the pro-inflammatory factor PTX3, remained significantly increased 
in bipolar offspring (median = 137 pg/ml, n = 103) during young adulthood compared with 
healthy controls (median = 52 pg/ml, n = 41) (β = 0.238, p = 0.001). Also, the levels of CCL2 
were now significantly increased in offsprin (β = 0.166, p < 0.00; Figure 2a). Again, levels of 
IL-1β did not show a significant difference between bipolar offspring (median = 9.27 pg/ml, 
n = 105) and healthy controls (median = 7.26, n = 32) (β = 0.073, p = 0.198). 

Unfortunately BDNF and S100B could not be examined during young adulthood, since 
we had run out of good quality serum for this test. 

Adulthood 
In adulthood, the over-expression of inflammatory genes in the circulating monocytes of 
bipolar offspring had disappeared completely, as depicted in Table 2 and Figure 1a. Also, the 
GR-β gene expression had become normal in monocytes of bipolar offspring. 
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With regard to the pro-inflammatory serum compounds, PTX3 levels could unfortunately 
not be examined in the adult phase, since the antibodies used in the in house assay were 
not available anymore. As during adolescence and young adulthood, we did not find 
a difference in serum IL-1β levels between bipolar offspring (median = 0.00, n = 89) and 
healthy controls (median = 0.00, n = 49) (β = -0.019, p = 0.732 . Serum CCL2 levels in bipolar 
offspring remained significantly higher than CCL2 levels in healthy controls (β = 0.190, 
p < 0.01; Figure 2a), particularly in female offspring (β = 0.315, p = 0.005). 

As shown in Figure 3a, lower levels of BDNF were observed in bipolar offspring in 
adolescence in comparison to healthy controls; however, during adulthood the reverse 
pattern was observed: due to a stronger reduction of BDNF levels in healthy controls, higher 
levels of BDNF were found now in bipolar offspring than in healthy controls (β = 0.049, p = 
0.019), suggesting increased growth/repair activity in the brain of offspring. Levels of S100B 
were significantly increased in adult offspring compared to healthy controls, (β = 0.006, 
p = 0.03 (Figure 4a). 

Within-group analyses
Within-group analyses were performed to determine whether the described parameters 
would be useful in distinguishing bipolar offspring with a lifetime mood disorder, a future 
mood disorder, a lifetime non-mood disorder or no disorder. Data for monocyte gene 
expression are presented in Figure 1b (see Supplementary Tables 1a-c for expression levels 
of individual genes per group). Figure 1b shows that we did not find such within group 
differences for monocyte gene expression in bipolar offspring. Also, interestingly the no 
disorder group showed high over-expression of immune activation genes in circulating 
monocytes; bipolar offspring with a lifetime non-mood disorder showed the lowest monocyte 
gene over-expression data, while the future mood disorder group showed the highest gene 
over-expression data. Yet, group sizes were small (n = 7, n = 4 and n = 3 respectively) and, 
as indicated above, within group statistical significances were not reached. Also in young 
adulthood and adulthood, we did not find within-group differences for monocyte gene 
expression (Figure 1b, Supplementary Tables 1a-c).

In terms of serum levels of pro-inflammatory cytokines of PTX3 and CCL2, evidence 
was not found for within-group differences regarding psychopathology status (PTX3 
adolescence: mean age of 16 years, mean age 17 years and young adulthood (p = 0.932, 
p = 0.798 and p = 0.178 respectively); for CCL2 see Figure 2c).

During adolescence, serum BDNF was decreased in bipolar offspring, while serum S100B 
was normal. Overall within-group differences in both BDNF and S100B were not statistically 
significant in the adolescent phase (Figure 3b and 4b). In adulthood, serum BDNF and S100B 
levels were increased, for serum S100B particularly in the group of mood disorders (Figure 
4b); however, within group differences were not found in serum levels of S100B or BDNF. 

We also performed analyses of the various measured parameters in individualisme with 
current mood disorders, but were unable to detect any significant differences within bipolar 
offspring (for analyses see supplementary Table 2). 
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figure 1 | Course of gene positivity in circulating monocytes in bipolar offspring and healthy controls. 
(A) Between-group analyses:Tukey box-plots of percentage of genes defined positive from the total 
gene array (44 genes). Group differences were tested by non-parametric Mann-Whitney tests. (B) 
Within-group analyses: Tukey box-plots of within group analyses in bipolar offspring: a lifetime mood 
disorder (adolescence, n = 7; young adulthood, n = 37; adulthood, n = 54), a future mood disorder as 
diagnosed at follow-up (adolescence, n = 4; young adulthood 1, n = 13; adulthood = not applicable), 
lifetime non-mood disorder (adolescence, n = 4; young adulthood, n = 13; adulthood, n = 17) or no 
disorder (adolescence, n = 7; young adulthood, n = 23; adulthood, n = 27). A Kruskal-Wallis test was 
performed to detect within-group differences in bipolar offspring.
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figure 2 | Serum CCL2 pg/ml levels in bipolar offspring versus healthy controls. (A) Between-group 
analyses: Tukey box-plots of serum CCL2 levels of bipolar offspring and healthy controls. Demographic 
characteristics per time point: bipolar offspring adolescence: mean age 16, n = 122, 52% male; young 
adulthood: mean age 21, n = 105, 58% male; adulthood: mean age 28, n = 88, 56% male. Healthy 
controls adolescence: mean age 14, n = 50, 66% male, young adulthood: mean age 20, n = 32, 75% 
male; adulthood: mean age 26, n = 49, 47% male. (B) Within-group analyses: Tukey box-plots of serum 
CCL2 levels and within group analyses in bipolar offspring per time point: a lifetime mood disorder 
(n = 33, n = 41 and n = 47 respectively), a future mood disorder as diagnosed at follow-up (n = 26, n = 14 
respectively), lifetime non-mood disorder (n = 17, n = 14 and n = 14 respectively) or no disorder (n = 29, 
n = 23 and n = 27). P-values are adjusted for age and gender.
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figure 3 | Serum BDNF levels in Bipolar offspring versus healthy controls. (A) Between-group 
analyses: Tukey box-plots of serum BDNF levels of bipolar offspring and healthy controls. Demographic 
characteristics per time point: bipolar offspring adolescence: mean age 16, n = 102, 53% male; 
adulthood: mean age 28, n = 85, 55% male. Healthy controls adolescence: mean age 15, n = 80, 63% 
male; adulthood: mean age 27, n = 49, n = 47% male. (B) Within-group analyses: Tukey box-plots of serum 
BDNF levels and within group analyses in bipolar offspring: a lifetime mood disorder (adolescence, 
n = 31; adulthood: n = 50), a future mood disorder as diagnosed at follow-up (adolescence: adulthood: 
not applicable), lifetime non-mood disorder (adolescence: n = 13; adulthood: n = 11) or no disorder 
(adolescence: n = 25; adulthood: n = 24). P-values are adjusted for age and gender.
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figure 4 | Serum S100B levels in bipolar offspring versus healthy controls. (A) Between-group 
analyses: Tukey box-plots of serum S100B levels in bipolar offspring and healthy controls. Demographic 
characteristics per time point: bipolar offspring adolescence: mean age 16, n = 103, 53% male; 
adulthood: mean age 28, n = 85, 55% male. Healthy controls adolescence: mean age 15, n = 76, 63% 
male; adulthood: mean age 27, n = 49, 47% male. (B) Within-group analyses: Tukey box-plots of serum 
S100B levels and within group analyses in bipolar offspring: a lifetime mood disorder (adolescence: 
n = 31;adulthood, n = 50), a future mood disorder as diagnosed at follow-up (adolescence, n = 19; 
adulthood = not applicable), lifetime non-mood disorder (adolescence, n = 13; adulthood, n = 11) or no 
disorder (adolescence, n = 25; adulthood, n = 24). P-values are adjusted for age and gender.
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disCussion

This study is the first study to explore the dynamic course of an altered neuro-immune state 
in affected and unaffected bipolar offspring in a longitudinal fashion. However, the findings 
of this study should be discussed in the light of the following limitations. Although one of 
the largest longitudinally followed bipolar offspring cohorts, this cohort still has a limited 
group size and knows varying group sizes, particularly after splitting our sample into future, 
current and lifetime mood states. Despite the longitudinal design of the study, we were 
unable to longitudinally analyze the data, as healthy control groups were recruited cross-
sectional at various stages of the study and not prospectively. In addition, the unknown 
effect of long term blood storage on the quality of the PBMC samples did not allow us to 
perform reliable within-subject/longitudinal data-analysis within bipolar offspring. Another 
limitation is that the assays used are complex, were performed at different times during 
the study and show inter-assay variation. Moreover, only a very limited set of immune 
and neurochemical parameters were measured and other conclusions might have been 
drawn when e.g. lymphocyte subsets had been analyzed. Also quantification methods 
(particularly for the monocyte gene expression) are under development and have not 
fully been worked out yet. In addition, it must be noted that there are many confounding 
factors for the immune parameters used and, although we were able to correct for age and 
gender, information was mot available on either body mass index and serum lipid profile 
of the bipolar offspring and controls, or parameters such as emotional or physical trauma, 
suicide attempts, head trauma and other chronic neurological disorders for all tim- points 
measured in all individuals. All these variables have a potential effect on an individual’s pro-
inflammatory state. Future confirmatory cohort studies are clearly needed and should take 
these limitations into consideration. 

Despite the above limitations, we are of the opinion that this study strongly suggests 
that monocyte activation – previously associated with bipolar disorder in adult patients – 
is also present in bipolar offspring. These alterations were present irrespective of lifetime 
and current psychopathology, thus reflecting a general vulnerability in bipolar offspring 
for developing a mood disorder rather than being associated with the diagnosis of bipolar 
disorder. In a previous report (Padmos et al., 2008), we suggested that, based on a study 
of a much smaller sample of this cohort, monocyte gene activation as found in adolescent 
bipolar offspring might in potentially be predictive for future development of mood 
disorders. However, the high prevalence of monocyte gene activation found in this study 
in offspring with psychopathology from other diagnostic categories or even no lifetime 
psychopathology, refutes such notion. These findings, together with the alterations found 
in PTX3, CCL2, BDNF and S100B, suggest a more complex model as a driving force behind 
the development of bipolar disorder. We assume that risk factors for the development of 
bipolar disorder involve complex interactions of genetic predisposition acting in concert 
with multiple environmental factors (e.g. life events and infections) to lead over time to 
variable activation of the neuro-immune-endocrine system, impacting brain development/
mental health.
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The high monocyte gene transcription activation found in this study in adolescence 
gradually decreased over time via a moderately higher expression level of monocyte genes 
in young adulthood to a normalized monocyte gene transcription level in adulthood. The 
high transcription activation of monocytes in adolescent offspring was paralleled by a high 
protein level of the signature gene PTX3 in serum, and this observation strengthens the 
view that indeed the inflammatory response system is over-activated in adolescence and 
early adulthood in bipolar offspring. This over-activation was also reflected in a higher 
than normal expression of the inactive GR-β gene in the monocytes, suggesting that 
steroid resistance is part of the over-activation. Recent studies of our group show that high 
monocyte immune gene transcription is particularly evident in subjects with more chronic 
bipolar disorder and with symptoms of mania (Haarman et al., 2013). The bipolar offspring 
in this study were not older than 32 years at the last measurement; hence, it is possible 
that with longer follow-up the monocyte signature would return, especially in patients with 
more frequent or more severe recurrences. 

Serum levels of CCL2 followed a different pattern than monocyte immune gene 
transcription. CCL2 serum levels were higher in bipolar offspring compared to healthy 
controls, but the difference did not reach statistical significance before young adulthood 
and adulthood. The higher levels of CCL2 in serum, particularly in adulthood when 
inflammatory gene transcription activation of circulating monocytes had vanished, point 
to a stronger migrating activity of these monocytes to the tissues in adult bipolar offspring 
than in healthy controls, showing that monocyte activation also exists at this age, but with 
a different character than in adolescence. 

With regard to BDNF, we found decreased levels of BDNF in bipolar offspring during 
adolescence. This finding was irrespective of psychopathology outcome or having a current 
mood episode. Previous studies in adult and pediatric bipolar disorder reported decreased 
levels of BDNF during acute episodes of mania or depression (Pandey, Rizavi, Dwivedi, & 
Pavuluri, 2008; Fernandes et al., 2011), but not during periods of euthymia (Fernandes et 
al., 2011). BDNF has also been shown to decrease as the disorder progresses (Grande, Fries, 
Kunz, & Kapczinski, 2010; Kauer-Sant’Anna et al., 2009). In this study, we found decreased 
levels of BDNF in offspring during adolescence and increased levels at adult age; this finding 
was again irrespective of psychopathology outcome or having a current mood episode. 
BDNF is involved in neurogenesis, synaptic plasticity, neural growth and cell survival, and 
therefore we hypothesize that the early decrement of BDNF levels may reflect a delay, or 
perturbation of brain development due to the immune activation. The meaning of the 
increase of BDNF levels of adult offspring is unclear, particularly since literature indicates 
decreases over time. 

S100B is produced and secreted by activated astrocytes. In both unipolar depression and 
bipolar disorder research, increased levels of S100B have been found in acute depressive 
and manic states (Andreazza et al., 2007; Schroeter et al., 2010). The concentration of 
S100B reflects neuronal damage or survival (nanomolar concentrations stimulate neurite 
outgrowth/neuronal survival, micromolar levels induce apoptosis). Elevated levels are 
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associated with neuropathology in neurodegenerative disease and brain-inflammatory 
diseases (Rothermundt, Peters, Prehn, & Arolt, 2003). We found that S100B levels were 
normal in adolescent bipolar offspring, but raised in adulthood, particularly in those with 
a mood disorder. This is in accord with the earlier findings of increased levels of S100B in 
active disease (Andreazza et al., 2007; Schroeter et al., 2010).

In conclusion, our study indicates that changing monocyte hyperactivity patterns together 
with changing patterns of serum BDNF and S100B are typical for the majority of bipolar 
offspring, irrespective of the actual presence or later development of a mood disorder. If 
confirmed in future studies, these findings suggest that an activated inflammatory response 
system and a changing pattern of serum brain factors are essential links in the chain of 
events leading to the development of bipolar disorder. Thus, these findings may suggest 
new directions for research to disentangle the mechanisms underlying the development of 
bipolar disorder. 
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Tables s1A-C | Gene expression in circulating monocytes of affected and unaffected bipolar 
offspring relatively expressed to healthy controls.

1A | Adolescence

Bipolar offspring

no disorder Lifetime mood 
disorder

future mood 
disorder

Lifetime non-
mood disorder

n = 7 n = 7 n = 4 n = 4

Median fC Median fC Median fC Median fC p

Cluster 1     

IL1A 568.8a 747.5a 547.2 228.6 < 0.001

IL1B 110.4a 94.4a 94.2a 35.6 <0 .001

CCL20 674.7a 959.3a 646.3a 224.3 < 0.001

IL6 1001.5a 1133.1a 841.6a 486.0 < 0.001

PTX3 25.2a 22.2a 22.5a 7.6 < 0.001

IRAK2 120.6a 131.4a 120.5a 69.5 < 0.001

TNF 34.6a 46.3a 43.9a 11.8 < 0.001

BCL2A1 17.8a 22.4a 24.3a 7.6 < 0.001

CXCL2 46.4a 52.2 a 67.5a 14.0 < 0.001

PTGS2 16.6a 20.6a 21.3a 4.7 < 0.001

ADM 17.9 a 10.8a 8.9 14.3 < 0.001

BTG3 18.6a 13.9a 14.0a 11.7 < 0.001

SERPINB2 102.6a 209.0a 192.9a 21.6 < 0.001

PDE4B 5.7a 7.4a 7.2a 3.7 < 0.001

TNFAIP3 7.7a 8.5a 7.4 5.0 < 0.001

ATF3 3.2a 4.1a 3.0 2.4 < 0.001

CDC42 5.6a 7.2a 5.9a 3.4 < 0.001

MAFF 20.3a 34.2a 26.6a 13.4a < 0.001

DUSP2 4.2 a 6.6a 6.3a 1.86 < 0.001

EREG 31.9a 61.7a 55.3a 11.5 < 0.001

Cluster 2     

CCL7 232.4a 473.5a 869.4a 193.6 < 0.001

FCAR 3.3a 4.0 4.3a 2.2 < 0.001

PTPN7 1.5 2.6a 3.9a 2.1 < 0.001

THBD 5.9a 5.2 a 9.4a 5.3a < 0.001

RGCC 10.4a 19.3a 21.9a 9.2 < 0.001

STX1A 6.0 5.9 19.9a 7.5 < 0.001
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1A | (Continued)

Bipolar offspring

no disorder Lifetime mood 
disorder

future mood 
disorder

Lifetime non-
mood disorder

n = 7 n = 7 n = 4 n = 4

Median fC Median fC Median fC Median fC p

Cluster 2

EMP1 2.2 3.9 5.6a 1.8a < 0.001

NAB2 2.7 3.2a 8.1 1.6 < 0.001

MAPK6 4.8a 6.9a 7.0a 3.4a < 0.001

DHRS3 2.8a 2.7a 3.2 2.0 < 0.001

MXD1 3.3a 3.9a 3.9 1.6 < 0.001

IL1R1 4.2a 5.1a 10.0a 1.6 < 0.001

CCL2 5.1a 6.9a 14.7a 4.3 < 0.001

EGR3 4.5a 6.1a 6.8a 5.0a < 0.001

CD9 1.6 3.3 1.2 5.3 0.132

FABP5 2.8a 4.8a 3.3a 2.3a < 0.001

interferon cluster

IFI44 1.4 1.4 2.9a 1.8 < 0.001

IFI44L 0.6 1.0 2.3 1.5 0.048

IFIT3 6.1a 6.9 6.8 5.6 < 0.001

HSPA1A 0.9 1.2 1.0 0.8 0.983

ADAM17 1.0 1.3 1.2 0.7 0.067

IFI27 0.8 0.5 2.5 3.6 0.826

Glucocorticoid cluster

NR3C1: GR-alpha 1.0 1.2 1.2 0.9 0.107

NR3C1: GR-beta 2.3 1.7 1.5 1.6 0.003
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1B | Young Adulthood

Bipolar offspring

no disorder Lifetime mood 
disorder

future mood 
disorder

Lifetime non-
mood disorder

n = 23 n = 37 n = 13 n = 13

Median fC Median fC Median fC Median fC p

Cluster 1     

IL1A 1.48 0.85 1.33 0.70 0.04

IL1B 2.12 1.39 1.25 2.02 0.07

CCL20 3.33 1.45 3.80 2.15 0.33

IL6 2.25 1.80 2.14 2.58 0.18

PTX3 1.48 1.18 1.07 1.76 0.38

IRAK2 3.09 a 2.02a 2.13 2.68 < 0.001

TNF 0.77 0.72 0.77 0.93 0.04

BCL2A1 1.74 1.11 1.62 1.36 0.16

CXCL2 3.50 1.40 1.68 3.31 0.08

PTGS2 1.03 0.91 0.83 1.14 0.01

ADM 2.56 a 2.31a 2.81a 2.06a < 0.001

BTG3 2.08 a 1.90a 1.99a 1.94 0.001

SERPINB2 1.97 1.09 1.17 1.56 0.14

PDE4B 2.08 1.21 2.11 1.12 0.02

TNFAIP3 1.31 1.20 1.23 1.09 0.002

ATF3 1.21 1.05 1.46 1.43 0.01

CDC42 2.58a 2.18a 2.03a 2.79a < 0.001

MAFF 3.11a 2.24a 2.13a 2.93 < 0.001

DUSP2 1.63 1.25 1.58 1.70 0.43

EREG 4.95 2.50 3.58 2.21 0.07

Cluster 2

CCL7 39.39 11.23 6.47 25.14 0.05

FCAR 1.68 1.23 1.12 1.36 0.002

PTPN7 2.65a 1.72a 1.62 2.62a 0.001

THBD 2.15 1.34 1.92 1.20 0.001

RGC32 6.16 2.90 3.78 5.80 0.003

STX1A 9.00 3.95 2.49 6.59 0.022

EMP1 4.19a 2.61 3.65 3.16 0.001

NAB2 4.26a 2.79a 2.82a 5.47a < 0.001

MAPK6 1.64a 1.21 1.42 1.37 0.001

DHRS3 2.07 1.04 1.71 1.46 0.07

MXD1 1.52 1.37 1.57 1.81 0.20
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1B | (Continued)

Bipolar offspring

no disorder Lifetime mood 
disorder

future mood 
disorder

Lifetime non-
mood disorder

n = 23 n = 37 n = 13 n = 13

Median fC Median fC Median fC Median fC p

Cluster 2     

IL1R1 1.96 1.26 2.08 1.06 0.03

CCL2 3.61 1.01 1.76 1.08 0.04

EGR3 3.11 2.08 1.44 2.22 0.03

CD9 3.47 1.66 1.44 3.96 0.02

FABP5 1.17 0.91 1.16 0.98 0.25

interferon cluster      

IFI44 0.99 1.06 1.27 1.18 0.32

IFI44L 0.57 0.79 1.12 0.93 0.68

IFIT3 0.59 0.68 0.88 0.89 0.41

HSPA1A 0.39 a 0.49a 0.51a 0.64 < 0.001

ADAM17 0.89 0.95 0.80 0.88 0.49

IFI27 0.72 1.08 1.12 0.97 0.86

Glucocorticoid cluster

NR3C1: GR-alpha 0.95 0.88 0.92 1.0 0.42

NR3C1: GR-beta 1.68a 1.35 1.28 2.0a 0.001
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1C | Adulthood

Bipolar offspring

no disorder Lifetime mood disorder Lifetime non-mood disorder

n = 27 n = 53 n = 15

Median fC Median fC Median fC p

Cluster 1

IL1A 0.23 0.55 1.7 0.76

IL1B 0.38 0.75 1.3 0.11

CCL20 0.31 0.62 2.8 0.88

IL6 0.66 0.84 1.85 0.38

PTX3 0.66 0.74 0.87 0.36

IRAK2 0.29 0.56 0.8 0.03

TNF 0.84 0.98 1.25 0.85

BCL2A1 0.87 0.97 1.20 0.33

CXCL2 0.49 0.84 1.1 0.09

PTGS2 0.58 0.68 0.9 0.06

ADM 0.99 1.14 1.04 0.56

BTG3 0.71 0.89 1.0 0.25

SERPINB2 0.74 0.87 1.0 0.90

PDE4B 0.64 0.69 1.05 0.29

TNFAIP3 0.54 0.70 1.4 0.77

ATF3 0.79 0.96 1.19 0.08

CDC42 1.04 1.10 1.1 0.81

MAFF 0.58 0.92 0.9 0.18

DUSP2 0.78 0.93 1.2 0.74

EREG 0.88 1.04 1.4 0.13

Cluster 2

CCL7 0.41 0.55 1.64 0.87

FCAR – – – NA

PTPN7 0.62 0.83 1.03 0.28

THBD 1.04 1.24 0.9 0.60

RGCC 0.59 0.66 1.1 0.57

STX1A 0.67 0.75 1.42 0.23

EMP1 0.60 0.66 1.01 0.29

NAB2 0.69 0.85 1.58 0.52

MAPK6 0.97 1.07 0.96 0.82

DHRS3 0.77 0.95 1.0 0.73

MXD1 0.92 1.05 1.0 0.59

IL1R1 1.19 0.78 0.9 0.12
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1C | (Continued)

Bipolar offspring

no disorder Lifetime mood disorder Lifetime non-mood disorder

n = 27 n = 53 n = 15

Median fC Median fC Median fC p

Cluster 2

CCL2 0.55 0.93 1.5 0.85

EGR3 0.43 0.61 0.89 0.22

CD9 0.82 0.78 3.5 0.41

FABP5 1.09 1.19 0.86 0.33

interferon Cluster

IFI44 1.25 1.40 1.31 0.02

IFI44L ‒ ‒ ‒ NA

IFIT3 1.41 1.68 1.77 0.04

HSPA1A 1.18 1.11 1.03 0.47

ADAM17 ‒ ‒ ‒ NA

IFI27 1.45 1.94 2.6 0.18

Glucocorticoid receptors

NR3C1: GR-alpha 1.11 1.07 1.12 0.13

NR3C1: GR-beta 1.10 1.23 1.08 0.49

Table legend supplementary Table 1A-C: 
The quantitative value obtained from Q-PCR is a cycle threshold (Ct). The fold change (FC) values between different groups 
were determined from the normalized Ct values (Ct gene – Ct housekeeping gene (ABL)), via the ∆∆Ct method (User Bulletin, 
Applied Biosystems, Foster City, California). The median fold change of healthy controls (HC) set to 1. Data are expressed 
relative to this HC-value. Values > 1: bipolar offspring have a higher expression than HC. Values < 1: bipolar offspring have 
a lower expression than HC. NA means the particular gene expression was not determined. Level of significance was set at 
0.001 (Bonferroni correction: p 0.05/44 genes = 0.001). 
a = post hoc analyses revealed a significant difference in bipolar subgroups in comparison with healthy controls. None of the 
genes showed significant differences within bipolar offspring subgroups. 
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Table s2| Biological parameters: comparisons of unaffected offspring with offspring with current and 
lifetime mood disorders, adjusted for gender and age.

Bipolar offspring

no disorder Lifetime Mood 
disorder

Current Mood disorder

n Beta 
(Ci 95%)

n Beta 
(Ci 95%)

n Beta 
(Ci 95%)

Wald Χ2 p

Gene expression signaturea

Adolescence 7 0b 4 -0.081
(-0.322-0.161)

3 0.007 
(-0.247-0.261)

1.549 0.46

Young adulthood 23 0b 31 -0.079 
(-0.211-0.053)

6 -0.171 
(-0.394-0.052)

2.923 0.25

Adulthood 27 0b 39 0.057 
(-0.044-0.159)

14 0.092 
(-0.039-0.222)

3.002 0.22

PTX3 

Adolescence 27 0b 17 0.042 
(-0.144-0.227)

18 -0.054 
(-0.235-0.128)

0.885 0.64

Young adulthood 15 0b 5 -0.065 
(-0.440-0.310)

9 -0.007 
(-0.322-0.307)

0.185 0.91

Adulthood 24 0b 34 0.018 
(-0.148-0.184)

6 -0.057 
(-0.341-0.227)

0.669 0.72

il-1B

Adolescence 29 0b 15 -0.036 
(-0.184-0.113)

18 0.057
(-0.085-.0198)

1.148 0.56

Young adulthood 23 0b 35 -0.065 
(-0.191-0.063)

6 0.106
(-0.113-0.324)

3.488 0.18

Adulthood 27 0b 34 -0.097
(-0.229-0.036)

13 -0.009 
(-0.183-0.166)

2.052 0.36

CCl2 

Adolescence 29 0b 15 0.022
(-0.058-0.102)

18 0.006
(-0.070-0.082)

0.325 0.85

Young adulthood 23 0b 35 0.012
(-0.075-0.099)

6 0.054
(-0.095-0.203)

1.321 0.52

Adulthood 27 0b 34 -0.009
(-0.088-0.070)

13 -0.036
(-0.140-0.068)

0.459 0.80

s100B

Adolescence 25 0b 14 0.000 
(0.000- -0.001)

17 0.000 
(0.000- -0.001)

1.038 0.60

Adulthood 24 0b 36 0.000 
(0.000- -0.001)

14 0.000 
(-1.375e005- 0.000)

3.482 0.18

Bdnf

Adolescence 25 0b 14 0.001 
(-0.044-0.046)

17 0.012 
(-0.031-0.054)

0.260 0.88

Adulthood 24 0b 36 -0.01 
(-0.070-0.045)

14 0.001 
(-0.072-074)

0.239 0.89

a as expressed in relative percentage of positive genes.
b Set to 0 because redundant
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APPEndiX: GEnE sYMBols And APProvEd nAMEs

Gene symbols Approved names* 

Cluster 1

IL1A interleukin 1, alpha

IL1B interleukin 1, beta

CCL20 chemokine (C-C motif) ligand 20

IL6 interleukin 6

PTX3 pentraxin 3, long

IRAK2 interleukin-1 receptor-associated kinase 2

TNF tumor necrosis factor

BCL2A1 BCL2-related protein A1

CXCL2 chemokine (C-X-C motif) ligand 2

PTGS2 prostaglandin-endoperoxide synthase 2 (prostaglandin G/H synthase and cyclooxygenase)

ADM adrenomedullin

BTG3 BTG family, member 3

SERPINB2 serpin peptidase inhibitor, clade B (ovalbumin), member 2

PDE4B phosphodiesterase 4B, cAMP-specific

TNFAIP3 tumor necrosis factor, alpha-induced protein 3 

ATF3 activating transcription factor 3

CDC42 cell division cycle 42

MAFF v-maf avian musculoaponeurotic fibrosarcoma oncogene homolog F

DUSP2 dual specificity phosphatase 2

EREG epiregulin

Cluster 2

CCL7 chemokine (C-C motif) ligand 7

FCAR Fc fragment of IgA, receptor for 

PTPN7 protein tyrosine phosphatase, non-receptor type 7

THBD thrombomodulin

RGCC regulator of cell cycle

STX1A syntaxin 1A (brain)

EMP1 epithelial membrane protein 1

NAB2 NGFI-A binding protein 2 (EGR1 binding protein 2)

MAPK6 mitogen-activated protein kinase 6

DHRS3 dehydrogenase/reductase (SDR family) member 3

MXD1 MAX dimerization protein 1

IL1R1 interleukin 1 receptor, type I

CCL2 chemokine (C-C motif) ligand 2

EGR3 early growth response 3
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Gene symbols Approved names* 

Cluster 2

CD9 CD9 molecule

FABP5 fatty acid binding protein 5 (psoriasis-associated)

Cluster 3

IFI44 interferon-induced protein 44

IFI44L interferon-induced protein 44-like

IFIT3 interferon-induced protein with tetratricopeptide repeats 3

HSPA1A heat shock 70kDa protein 1A

ADAM17 ADAM metallopeptidase domain 17

IFI27 interferon, alpha-inducible protein 27 

Cluster 4

NR3C1: GR-α nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor-alpha) 

NR3C1: GR-β nuclear receptor subfamily 3, group C, member 1 (glucocorticoid receptor-beta)

*HUGO Gene Nomenclature Committee (www.genenames.org) 
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