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1 | INTRODUCTION
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Abstract

Depression is the leading cause of years lost due to disability worldwide. Still, the mechanisms
underlying its development are not well understood. This study aimed to evaluate white-matter
properties associated with depressive symptomatology in young adulthood and their develop-
mental origins. Diffusion tensor imaging and assessment of depressive symptomatology were
conducted in 128 young adults (47% male, age 23-24) from a prenatal birth cohort (European
Longitudinal Study of Pregnancy and Childhood). For a subset of these individuals, the database
included information on prenatal stress (n = 93) and depressive symptoms during adolescence
(assessed repeatedly at age 15 and 19). Depressive symptoms in young adulthood were associ-
ated with lower fractional anisotropy in the left and right cingulum and higher fractional anisot-
ropy in the right corticospinal tract and superior longitudinal fasciculus. Further analyses
revealed that prenatal stress and depressive symptomatology during adolescence were indepen-
dent predictors of altered white-matter properties in the cingulum in young adulthood. We con-
clude that typically developing young adults with more depressive symptoms already exhibit
tract-specific alterations in white-matter properties and that prenatal stress and depressive
symptomatology during adolescence might contribute to their development.
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Growing evidence supports disturbed neural connectivity in the

pathogenesis of depression. Structural magnetic resonance imaging

Depression is the leading cause of years lost due to disability
worldwide (Ustun, Ayuso-Mateos, Chatterji, Mathers, & Murray,
2004) It has an early onset, the lifelong trajectory of recurrent epi-
sodes with increasing severity, and is known for progressive treat-
ment resistance (Kessler et al., 2005; Moylan, Maes, Wray, & Berk,
2013). The lifetime prevalence of depression is up to 17% (Kessler
et al.,, 2005). Still, the developmental origins of this common and
debilitating disease are poorly understood (Kendler, Karkowski, &
Prescott, 1999).

(MRI) studies reported an association between higher rate and sever-
ity of white-matter hyperintensities and more depressive symptoms
(Coffey et al., 1993; Coffey, Figiel, Djang, Saunders, & Weiner, 1989;
de Groot et al.,, 2000; Howard et al., 1993; Lenze, Cross, McKeel,
Neuman, & Sheline, 1999; Rabins, Pearlson, Aylward, Kumar, & Dow-
ell, 1991; Zubenko et al., 1990). White-matter hyperintensities were
also associated with lower rates of treatment response in both youn-
ger (losifescu et al., 2006) and older (Gunning-Dixon et al., 2010)

patients with major depressive disorder (MDD). Further research
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using diffusion tensor imaging (DTI) provided evidence for white-
matter tract disruptions in MRI hyperintensities (vs. normal tissue)
(Taylor et al, 2001). MRI hyperintensities were characterized by
higher apparent diffusion coefficient (ADC) and lower anisotropy
(Taylor et al., 2001). Subsequently, numerous studies used DTl and
reported abnormalities in fractional anisotropy (FA) in young, middle-
aged and older adults with MDD (Chen et al., 2017; Kieseppa et al.,
2010; Liao et al., 2013; Ma et al., 2007; Shimony et al., 2009). Hoogen-
boom et al. (2014) showed that abnormalities in the structural properties
of white-matter tracts underlie persistent, treatment-resistant depression.
While lower FA among MDD patients is relatively consistent and has been
also linked to depression severity and illness duration (Chen et al., 2016;
Zou et al., 2008), the specific locations of these FA reductions are rather
inconsistent (Chen et al, 2016). Lower FA among MDD patients
vs. controls was reported in the cingulate cortex (Kieseppa et al., 2010;
Zhu et al,, 2011), dorsolateral prefrontal cortex (Blood et al., 2010; Kor-
gaonkar et al., 2011), corpus callosum (Kieseppa et al., 2010), superior lon-
gitudinal fasciculus (Wu et al, 2011) as well as other regions. A meta-
analysis of diffusion tensor imaging studies in MDD patients vs. healthy
controls reported reductions in FA in the left superior longitudinal fascicu-
lus (Murphy & Frodl, 2011). Importantly, Ghazi Sherbaf, Same, Ashraf-Gan-
jouei, and Aarabi (2018), conducted the first DTI study to assess minor
forms of depression and demonstrated that depressive symptoms and the
underlying white-matter alterations exist in a continuum. Therefore, study-
ing white-matter alterations in members of a birth cohort presenting sub-
threshold forms of depression might offer relevant insights into the
developmental origins of the disease.

Prenatal stress (Goldstein, Handa, & Tobet, 2014; Mareckova
et al., 2018) and depression during adolescence (Copeland, Wolke,
Shanahan, & Costello, 2015) are two of the most important predictors
of depression in later life. Longitudinal data from the Great Smoky
Mountains study demonstrated that participants with a psychiatric
disorder during adolescence had 5.8 higher odds of developing psychi-
atric problems in adulthood and that participants with subthreshold
psychiatric problems in their adolescence had three times higher odds
of adverse outcomes in adulthood (Copeland et al., 2015). According
to the prenatal stress model, stress during gestation programs func-
tioning of the hypothalamic-pituitary-adrenal (HPA) axis (Bilbo &
Schwarz, 2009; Bock, Rether, Groger, Xie, & Braun, 2014; Entringer,
Kumsta, Hellhammer, Wadhwa, & Wust, 2009; Weinstock, 2008;
Yong Ping et al., 2015) in the offspring and, in turn, subsequent emo-
tional development and long-term psychiatric vulnerability (Goldstein
et al., 2014). This developmental model has been supported by animal
research as well as a number of epidemiological studies in humans.
Preclinical research on prenatally stressed animals demonstrated
increased anxiety and depressive-like behaviors (Babri, Doosti, & Sal-
ari, 2014; Enayati et al., 2012; Khan et al., 2014; Lin & Wang, 2014;
Markham & Koenig, 2011; Walker, Nakamura, & Hodgson, 2010).
Research in humans showed that prenatal exposure to maternal corti-
sol and psychosocial stress predicted cortisol response and rate of
behavioral recovery in the infant after a heel-stick blood draw (Davis,
Glynn, Waffarn, & Sandman, 2011). Higher exposure to maternal cor-
tisol and psychosocial stress were also associated with higher anxiety
in preadolescent children (Davis & Sandman, 2012). Large epidemio-

logical studies showed that the offspring of mothers with depressive,

anxious and stress symptomatology during pregnancy (Betts, Williams,
Najman, & Alati, 2015) and the offspring of mothers who experienced
severe stress during pregnancy (Park et al., 2014) had higher risk for
psychopathology in adulthood.

Neuroimaging studies reported associations between prenatal stress
and alterations in gray-matter volume, including lower volume of pre-
frontal (Buss et al, 2012a; Mareckova et al., 2018; Sandman, Buss,
Head, & Davis, 2015) and anterior cingulate cortex (Mareckova et al.,
2018), and higher volume of amygdala (Buss et al., 2012a, 2012b). The
offspring of mothers with more depressive symptoms during pregnancy
had stronger functional connectivity of the amygdala with several cortical
regions at the age of 6 months (Qiu et al., 2015). Literature on the asso-
ciation between prenatal stress and white-matter properties is rather
scarce. In rats, maternal restraint stress during gestation appears to be
associated with “hypermyelination” in the offspring brain (Wiggins &
Gottesfeld, 1986). In humans, prenatal stress was associated with lower
fractional anisotropy in a number of brain regions (Rifkin-Graboi et al.,
2015). Further research focused on the uncinate fasciculus, a white-
matter tract containing fibers running between the amygdala and pre-
frontal cortex; this work found an association between greater experi-
ence of stressful life events in the pregnant mother and higher fractional
anisotropy in the right and lower perpendicular diffusivity in the left unci-
nate fasciculus (Sarkar et al., 2014). Jensen et al. (2017) provided evi-
dence for independent effects of prenatal and postnatal stress on white-
matter properties in the corpus callosum during distinct neurodevelop-
mental periods. The fact that a majority of these studies considered only
a particular hypothesized tract (Jensen et al., 2017; Sarkar et al., 2014)
calls for further research that would take a whole-brain approach.

We conducted a neuroimaging follow-up of a prenatal birth cohort
to assess the developmental origins of the depression-related white-
matter properties in young adulthood. We took a whole-brain approach
and focused on two periods critical for brain development—the prenatal
period and adolescence (Giedd, 1999; UNICEF, 2017)—and assessed
(a) the impact of prenatal stress, defined as stressful life events experi-
enced by the mother during the first half of pregnancy, and (b) the
impact of depressive symptoms experienced at 15 and 19 years of age
on the depression-related white-matter properties. We hypothesized
that prenatal stress and depression during adolescence will be associ-
ated with lower fractional anisotropy across the depression-related
white-matter tracts. Since previous research reported sex differences in
the offspring outcomes following exposure to maternal stress during
pregnancy (Buss et al., 2012a, 2012b) as well as sex differences in
white-matter microstructure in adults (Szeszko et al., 2003), we also

evaluated the potential interaction between prenatal stress and sex.

2 | METHODS

2.1 | Participants

Typically developing young adults from the European Longitudinal
Study of Pregnancy and Childhood, the Czech Republic (ELSPAC-CZ;
Golding, 1989; Piler et al., 2016), a prenatal cohort from the Czech
Republic whose members were born between 1991 and 1992, were

invited to participate in a neuroimaging study Biomarkers and underlying
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Timeline of the study

Conception

Stressful life events
experienced by the mother
during first half of pregnancy

Adolescence

Depressive symptoms in the
adolescent at age 15 and 19

Young adulthood

Depressive symptoms and
diffusion tensor imaging in
the young adult (23/24)

FIGURE 1 Study timeline [Color figure can be viewed at wileyonlinelibrary.com]

mechanisms of vulnerability to depression (VULDE; FP7-IEF-2013) at the
Central European Institute of Technology at Masaryk University. DTI
data were collected for a total of 128 individuals (60 males, 68 females).
Using 80% power, p = .05 and two-tailed tests, this sample size would
allow us to detect medium (Cohen's d = 0.25) and higher effects. All
participants were 23 or 24 years old and of White Caucasian back-
ground. After the procedures had been fully explained, all participants
provided written informed consent including the agreement to merge
data from VULDE with their historic data from ELSPAC-CZ. The whole
VULDE study was conducted in accordance with the Declaration of
Helsinki and was approved by ELSPAC Ethics Committee.

2.2 | Procedures

All 128 participants were scanned using a 3 T Siemens Prisma MRI
scanner and answered the Beck Depression Inventory (BDI; Beck,
Ward, Mendelson, Mock, & Erbaugh, 1961) in 2015. Questionnaires
on stressful life events during the first half of pregnancy (40 questions
on stressful events such as break up or divorce with the partner, con-
sideration of abortion, violence, serious illness or death in the family
or financial difficulties answered by a 5-point Likert scale; see Sup-
porting Information) were answered by a subsample of the mothers of
our participants (n = 93; 40 men, 53 women) at the time of their preg-
nancy (20th week of gestation) between 1990 and 1992. Question-
naires on self-reported depressive symptomatology during adolescence
(15 questions answered on a 3-point Likert scale; see Supporting Infor-
mation) were assessed repeatedly in a subset of these participants at the
age of 15 (n=59; 28 men, 31 women) and 19 (n = 38; 12 men,
26 women). Using 80% power, p = .05 and two-tailed tests, this sample
size would allow us to detect medium (Cohen's d = 0.3 or higher) effects
of prenatal stress, medium (Cohen's d = 0.35 or higher) effects of depres-
sion at 15, and large (Cohen's d = 0.45 or higher) effects of depression at
19. The timeline of the study is presented in Figure 1.

2.3 | MRI acquisition

Diffusion tensor images, which allow to measure diffusion of water

and reflect the microstructural organization of white matter, were

acquired on 3 T Siemens Prisma MRI scanner with 64 channel head/
neck coil and the following acquisition parameters: 64 diffusion direc-
tions, voxel size 2 x 2 x 2 mm, field of view read 256 mm, number of
slices = 73, slice thickness =2 mm, TR =7,800 ms, TE = 69 ms,
acceleration factor PE = 2, ref. lines PE = 38, b = 1,000.

2.4 | Analyses

Fiber tractography was conducted in Exlore DTI, version 4.8.3
(Leemans & Jones, 2009) for MATLAB and the following corrections
to the diffusion-weighted MRI were applied: head motion, eddy cur-
rent distortions, and EPI deformations (Leemans & Jones, 2009). Dif-
fusion tensors were estimated with the REKINDLE approach
[kappa = 6; Tax, Otte, Viergever, Dijkhuizen, & Leemans, 2015] using
an iteratively reweighted linear least squares approach (Veraart, Sij-
bers, Sunaert, Leemans, & Jeurissen, 2013). Next, we constructed
probabilistic maps of the following white-matter tracts: cingulum (CG),
corticospinal tract (CST), fornix (FX), genu of corpus callosum (GCC),
inferior fronto-occipital fasciculus (IFO), inferior longitudinal fasciculus
(ILF), splenium of corpus callosum (SCC), superior fronto-occipital fas-
ciculus (SFO), superior longitudinal fasciculus (SLF), uncinate fasciculus
(UNC). These tracts were selected according to a priori information on
tract location, as the anatomy of these tracts is well known (Lebel,
Walker, Leemans, Phillips, & Beaulieu, 2008; Wakana et al., 2007).
Similarly to Jensen et al. (2017), these probabilistic maps were thre-
sholded at 50%, binarized, and used as masks to calculate the mean
fractional anisotropy (FA) values for each tract in each individual by
projecting the probabilistic maps back to the native space of each indi-
vidual to avoid interpolation artifacts (i.e., the transformation matrix
consisted of the concatenation of nonlinear transformations from
atlas space to native TIW image and then from T1W to FA space).
The FA values describe the degree of anisotropy of the diffusion pro-
cess and lower FA reflects lower movement of water in a single direc-
tion (Paus, 2016). This has implications for potential white-matter
tract disruptions because lack of water movement in a single direction
was associated with axonal or myelin damage (Aung, Mar, & Benzin-
ger, 2013).
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All statistical analyses were done in JMP version 10.0.0 (SAS Insti-
tute Inc., Cary, NC). First, we log-transformed the questionnaire-based
variables to follow a normal distribution (see the means and standard
deviations for the raw variables in Supporting Information Table S1).
Next, a full factorial general linear model assessed the relationship
between the current depressive symptoms (a single BDI score), sex
(2), and white-matter tract (18) on fractional anisotropy in the
128 young adults. Further analyses assessed the developmental ori-
gins of the depression-related white-matter properties identified in
Step 1. As detailed in the Procedures, the effect of prenatal stress
could have been assessed in a sample of 93 participants, the effects
of depression at the age of 15 in 59, and the effects of depression at
the age of 19 in 38 participants. Therefore, we first performed sepa-
rate linear regressions assessing the effects of prenatal stress and
depression during adolescence on fractional anisotropy in the four
depression-related tracts. Sex was again considered as a potential
moderator of these relationships. A final multiple regression then

assessed the independence of these effects.

3 | RESULTS

31 |

Demographic characteristics of the full sample as well as the sub-sample

Demographic characteristics of the sample

for whom prenatal stress data were available are provided in Supporting
Information Tables S2 and S3, respectively. There was no relationship

between the demographic variables (handedness, BMI, education, birth
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weight, maternal age at birth, and maternal education) and the prenatal
stress, depressive symptomatology or fractional anisotropy in young
adulthood (Supporting Information Table S4). Despite the narrow age
range in our study (all 23 or 24 years old), there was an interaction
between age and the type of white-matter tract on fractional anisotropy
(F17,2.1421 = 049, p = .0007). Posthoc analyses revealed that the effect
of age on FA was significant in the genu (beta = —0.20, p = .02) and the
splenium of the corpus callosum (beta = —0.19, p = .03) and the right

uncinate fasciculus (beta = —0.18, p = .046) but not the remaining tracts.

3.2 | White-matter properties and depressive
symptoms in young adulthood

The general linear model revealed an interaction between depressive
symptoms and the type of white-matter tract (F17, 2108 = 3.09,
p <.0001) and no interaction with sex (F(172108; = 0.50, p = .95),
pointing out that the associations between depressive symptoms and
FA significantly differ in the different white-matter tracts but that sex
does not moderate these effects. The interaction between depressive
symptoms and the type of white-matter tract remained significant
(F117,2091) = 2.69, p = .0002) and the interaction with sex nonsignifi-
cant (F(17,2091) = 0.59, p = .91) even when including age as a covariate
in this general linear model. Posthoc linear regressions revealed that
more depressive symptoms predicted lower FA in the left (beta =
—-0.22, p =.015, R?=0.05; Figure 2a) and right (beta = -0.22,
p =.015, R? = 0.05; Figure 2b) cingulum and higher FA in the right
corticospinal tract (beta = 0.18, p = .047, R? = 0.03; Figure 2c) and
superior longitudinal fasciculus (beta = 0.17, p =.048, R? = 0.03;
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FIGURE 2 Depression-related white-matter tracts. Depressive symptomatology was associated with less FA in the left (a; beta = —0.22,
p =.015, R? = 0.05) and right (b; beta = —0.22, p = .015, R? = 0.05) cingulum and more FA in the right corticospinal tract (c; beta = 0.18,
p = .047, R? = 0.03) and superior longitudinal fasciculus (d; beta = 0.17, p = .048, R? = 0.03)
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TABLE1 Effects of depressive symptoms on fractional anisotropy in
all the white matter tracts in the 128 young adults

Tract Left hemisphere Right hemisphere
Cingulum Beta = —0.22, Beta = —0.22,
p =.01, p =.01,
R?=0.05 R?=0.05
Corticospinal tract Beta = 0.09, Beta = 0.18,
p=.29 p = .04,
R?=0.03
Fornix Beta = 0.16, Beta = 0.17,
p = .06 p = .06
Inferior longitudinal Beta = 0.13, Beta = 0.12,
fasciculus p=.14 p=.19
Superior longitudinal Beta = 0.15, Beta = 0.17,
fasciculus p=.10 p = .04,
R?=0.03
Inferior fronto-occipital Beta = 0.17, Beta = 0.12,
fasciculus p = .06 p=.18
Superior fronto-occipital Beta = -0.14, Beta = -0.12,
fasciculus p=.11 p=.19
Uncinate fasciculus Beta = 0.16, Beta = 0.13,
p =.08 p =.02
Genu of corpus callosum Beta = 0.07,
p=.42
Splenium of corpus callosum  Beta = 0.09,
p =.30

Figure 2d). Refer to Table 1 for the effects of depressive symptoms

on fractional anisotropy in all the tracts.

3.3 | Developmental origins of depression-related
white-matter properties

Further analyses focused on the four depression-related tracts and
assessed whether prenatal stress or depressive symptomatology during
adolescence might predict the altered white-matter properties in young
adulthood. Prenatal stress was associated with lower FA in the left cin-
gulum (beta = —0.21, p = .04, R? = 0.05; Figure 3a) and there was no
interactions with sex (beta = —0.07, p = .47). This effect of prenatal
stress on FA in left cingulum remained significant even after correcting
for mother's age and stressful life events experienced by the mother
after birth (at 6-18 months of the offspring; beta = -0.27, p = .04,
R? = 0.05). Moreover, the effect of prenatal stress on FA in the cingu-
lum remained significant and independent of sex, maternal age, and
stressful life events experienced by the mother after birth even when
excluding several health problem/obstetric complication-related ques-
tions in the prenatal stress questionnaire (see Supporting Information
Results). Effects of prenatal stress on fractional anisotropy in the other
three depression-related tracts (left cingulum, right corticospinal tract,
and right superior longitudinal fasciculus) were not significant (Table 2)
and there were also no interactions with sex (p > 11).

More depressive symptomatology at age 15 (beta = —0.25,
p =.05 R?=0.06; Figure 3b) and 19 (beta=-0.37, p =.02,
R? =0.13; Figure 3c) was also associated with lower FA in the left cin-
gulum but not FA in the other three depression-related tracts
(Table 2). Again, there were no significant interactions with sex
(p > .13). Finally, a multiple regression analysis revealed that the

effects of prenatal stress (beta = —0.33, p = .048) and depression at

the age of 15 (beta = —0.34, p = .04) were independent predictors of
FA in the left cingulum, surviving the correction for maternal age
(beta = 0.05, p =.76) and stressful life events experienced by the
mother after birth (at 6-18 months of the offspring; beta = 0.18,
p = .27). Correlation matrix of the key questionnaire-based variables

is provided in Supporting Information Table S5.

4 | DISCUSSION

We studied white-matter alterations in members of a birth cohort pre-

senting subthreshold forms of depression and demonstrated that
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FIGURE 3 Developmental origins of altered white-matter properties in
left cingulum. Low FA in the left cingulum was associated with greater
experience of prenatal stress (a; beta = —0.21, p = .04, R? = 0.05), and

more depressive symptomatology at age 15 (b; beta = —0.25, p = .05,
R? = 0.06) and 19 (c; beta = —0.37, p = .02, R? = 0.13)
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TABLE 2 Effects of prenatal stress and depressive symptoms during
adolescence on fractional anisotropy in the four depression-related
tracts

Depressive Depressive
symptoms at symptoms at
Tract Prenatal stress 15 years of age 19 years of age
Left cingulum Beta = —-0.21, Beta = —-0.25, Beta = -0.37,
p = .04, p = .05, p =.02,
R? = 0.04 R? = 0.06 R*=0.13
Right cingulum Beta = -0.11, Beta = -0.12, Beta = —0.26,
p=.31 p=.35 p=.11
Right Beta = -0.09, Beta = -0.65, Beta = —-0.03,
corticospinal p =.39 p = .06 p=.84
tract
Right superior  Beta = 0.12, Beta = 0.16, Beta = 0.13,
longitudinal p=.26 p=.23 p=.44
fasciculus

The effects of prenatal stress were tested in a sample of 93 young adults,
the effects of depressive symptoms at age 15 in a sample of 59 young
adults, and the effects of depressive symptoms at age 19 in a sample of
38 young adults

tract-specific alterations in white-matter properties are present
already in previously undiagnosed and hence treatment-naive young
adults with mild depressive symptoms assessed with the Beck
Depression Inventory. Using a whole-brain approach, we showed that
the depression-related white-matter alterations are not global but
regional. This is consistent with volumetric studies in mood disorders
that also report regional rather than whole-brain effects (Konarski
et al,, 2018).

More depressive symptoms were associated with lower fractional
anisotropy in the left and right cingulum and higher fractional anisot-
ropy in the right corticospinal tract and superior longitudinal fascicu-
lus. The cingulum bundle is a fiber bundle that connects regions
associated with executive function, decision-making, and emotion
(Heilbronner & Haber, 2014a, 2014b). Altered microstructure of the
cingulum bundle has been demonstrated in both adolescent
(Henderson et al., 2013) and adult (De Diego-Adelino et al., 2014)
depression. During intraoperative deep brain stimulation in patients
with treatment-resistant depression, the cingulum, and particularly
the left cingulum bundle, has been identified as a “depression switch”
whose stimulation resulted in transient behavior changes (Choi, Riva-
Posse, Gross, & Mayberg, 2015). Further research also showed lower
fractional anisotropy of the cingulum in individuals with subclinical
anhedonia or family history of depression (Huang, Fan, Williamson, &
Rao, 2011; Keedwell et al., 2012). It has been suggested also that
microstructure of the cingulum bundle, the major white-matter path-
way linking cortical regions implicated in cognitive control with limbic
regions involved in emotion (Heilbronner & Haber, 2014a, 2014b), is
functionally relevant for regulating attentional bias toward negative
interpersonal stimuli (Keedwell et al., 2016).

The relationship between depressive symptomatology and higher
FA in the right corticospinal tract and superior longitudinal fasciculus
are rather unexpected since generally, depression has been associated
with lower FA in a number of white-matter tracts (Murphy & Frodl,
2011). A meta-analysis of diffusion tensor imaging studies in MDD
patients vs. Controls (Murphy & Frodl, 2011) reported higher FA in

one white-matter tract only—the inferior fronto-occipital fasciculus.
Still, our results are consistent with another study (Blood et al., 2010)
that also reported higher FA in the right corticospinal tract in
depression.

Longitudinal data from our prenatal birth cohort then suggest that
prenatal stress might have induced long-lasting alterations in white-
matter properties in later life. We showed that young adult offspring
of mothers who experienced more stressful life events during preg-
nancy had lower fractional anisotropy in the left cingulum in young
adulthood. Our findings are in agreement with previous research in
rats, which demonstrated an association between maternal restraint
stress applied during gestation and altered myelination in the brain of
their offspring (Wiggins & Gottesfeld, 1986), and research in sheep,
which demonstrated an association between prenatal exposure to
synthetic glucocorticoids and reduced diameter of myelinated axons
(Antonow-Schlorke, Schwab, Li, & Nathanielsz, 2003; Huang, Harper,
Evans, Newnham, & Dunlop, 2001). The possible impact of prenatal
stress on development of white matter in the cingulum, known as the
regulator of attentional bias toward negative interpersonal stimuli
(Keedwell et al., 2016) and as the “depression switch” (Choi et al.,
2015), supports the behavioral study (Betts et al., 2015), which
reported an association between maternal anxiety during pregnancy
and self-reported depressive symptoms in the adolescent offspring, as
well as the prenatal stress model of altered emotional development
and long-term psychiatric vulnerability (Goldstein et al., 2014). The
fact that the associations between prenatal stress and FA in the cingu-
lum remained significant even when correcting for postnatal stress
and maternal age suggests that the cingulum development might be
particularly sensitive to stress during the prenatal period.

In contrast to previous research (Buss et al, 2012a, 2012b;
Szeszko et al., 2003), we did not find any main or moderating effects
of sex on white-matter microstructure in adults. We also did not find
any moderating effects of sex on the relationship between prenatal
stress and FA in the depression-related white-matter tracts. As
explained in our previous work (Mareckova et al., 2018), this might be
related to the timing of prenatal exposure to stress. Sexual differentia-
tion of the brain happens mainly during the second and third trimester
(Goldstein et al., 2014) but the current study assessed the impact of
stressful life events during the first half of pregnancy.

Our study has several strengths. First, it was designed as a neuro-
imaging follow-up of a prenatal birth cohort consisting of individuals
of a very narrow age range (23 or 24 years old) and from a very similar
background (all White Caucasians, typically developing, growing up in
the same area, and born in families with very similar socioeconomic
status). Second, the longitudinal character of the study eliminates any
possible false memories or recall bias. Third, while past research stud-
ied the effects of prenatal stress only in single hypothesized white-
matter tracts—Jensen et al. (2017) in corpus callosum, Sarkar
et al. (2014) in uncinate fasciculus—our research took a whole-brain
approach and studied the effects of prenatal stress on white-matter
properties in all major tracts.

The DTI-based FA measure limits our ability to make conclusions
about the exact neurobiology underlying variations in white-matter
properties. Lower FA might be related to (a) abnormal neurogenesis/

apoptosis, (b) abnormal myelination, or (c) abnormal radial growth of
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axons (Jensen et al., 2017). Since previous research associated mater-
nal stress with reduced neurogenesis and enhanced apoptosis in the
hippocampus in rodents (Lemaire, Koehl, Le Moal, & Abrous, 2000;
Lemaire, Lamarque, Le Moal, Piazza, & Abrous, 2006; Van den Hove
et al., 2006) and our previous research in this prenatal birth cohort
showed an association between higher prenatal stress and lower gray-
matter volume (Mareckova et al., 2018), it might be that also the
effect of prenatal stress on lower FA reported in the current study
might be, at least in part, related to abnormal neurogenesis/apoptosis.
Future research might incorporate the assessment of myelination
using new myelin mapping techniques (Deoni et al., 2011) or consider
the use of histological data to explain the neurobiological origins of
the depression-related changes in white-matter properties. Another
important limitation of our study is the fact that the findings from the
follow-up analyses on developmental origins (prenatal stress, depres-
sion during adolescence) of depression-related variations in the prop-
erties of white matter in the four specific fiber tracts did not survive
correction for multiple comparisons. Future research should verify the
existence of these tract-specific relationships.

Overall, we have demonstrated that typically developing young
adults with more depressive symptoms already exhibit altered white-
matter properties and that these alterations are not global but
regional. Our findings also suggest that the experience of prenatal
stress and depressive symptoms in adolescence might contribute to
the depression-related white-matter properties in the cingulum, thus
offering a relevant insight into the developmental origins of the dis-
ease. Our study contributes to better understanding of the neural cor-
relates underlying depressive symptomatology in young adulthood
and its developmental origins and points out to the importance of

early intervention.
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