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Abstract

Objectives: Extending prior studies of prenatal adversity and depressive symptoms, we tested
associations between maternal prenatal major depressive disorder (MDD) and infant cortisol
regulation. Based on prior findings by our group, we also tested placenta glucocorticoid
(HSD11B2 methylation) and serotonin (SLC6A4 gene expression) signaling as moderators of
links between prenatal MDD and infant cortisol.

Methods: Participants were 153 mother-infant pairs from a low-income, diverse sample (Mean
age=26+6). Repeated structured diagnostic interviews were utilized to identify: mothers with (a)
prenatal MDD, (b) preconception-only MDD, (c) controls. Placenta samples were assayed for
HSD11B2 methylation and SLC6A4 gene expression. Infant salivary cortisol response to a
neurobehavioral exam was assessed at one month.

Results: Daughters of prenatal MDD mothers had 51% higher baseline (Ratio=1.51, 95%
ClI=1.01-2.27, p=.045) and 64% higher stress responsive cortisol (Ratio=1.64, 95% CI=1.05-2.56,
p=.03) than daughters of controls and 75% higher stress-responsive cortisol (Ratio=1.75, 95%
Cl=1.04-2.94, p=.04) than daughters of preconception-only MDD mothers. HSD11B2 methylation
moderated links between prenatal MDD and baseline cortisol (p=.02), with 1% methylation
decreases associated with 9% increased baseline cortisol in infants of prenatal MDD mothers
(Ratio=1.09, 95% CI1=1.01-1.16). SLC6A4 expression moderated links between prenatal MDD
and cortisol response among boys alone (p=.007), with tenfold increases in expression associated
with threefold increases in stress-responsive cortisol (Ratio=2.87, 95% CI=1.39-5.93) in sons of
control mothers.
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Conclusions: Results highlight specificity of associations between prenatal vs. preconception
MDD and cortisol regulation and the importance and complexity of placenta glucocorticoid and
serotonergic pathways underlying the intergenerational transmission of risk from maternal
adversity.
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INTRODUCTION

Exposure to maternal prenatal depression represents one of the most common forms of early
adversity. In the United States, approximately one in five infants is exposed to elevated
maternal depressive symptoms and one in ten infants is exposed to maternal major
depressive disorder (MDD) during pregnancy, with the majority of depressed women
remaining untreated during pregnancy (1-3). Exposure to maternal depressive symptoms and
prenatal MDD have been associated with adverse physical health and behavioral outcomes
across development, including preterm delivery, low birth weight, and alterations in fetal
heart rate and activity (4-7) in the fetal period, alterations in affect, brain structure and brain
activity in the newborn period (8-12), and alterations in growth, cognition, brain structure,
and psychopathology symptoms and disorders in childhood (13-16). However, despite
relatively consistent associations across development, mechanisms and moderators of long-
term outcomes following exposure to maternal depression remain unclear.

Fetal programming of offspring brain and stress systems is a prominent proposed
mechanism underlying links between prenatal adversity and offspring health and behavioral
outcomes (13, 17-20).In particular, dysregulation of the fetal hypothalamic pituitary
adrenocortical (HPA) axis has been proposed as a final common pathway underlying links
between prenatal adversity and long-term health and behavioral outcomes (21, 22). We
propose programming of the fetal HPA axis as a mechanism underlying links between
prenatal MDD and long-term offspring outcomes. A small number of studies lend credence
to this hypothesis. In normative samples, maternal prenatal depressive symptoms were
associated with altered basal cortisol levels in newborns (24-27), (adopted) children (28),
and adolescents (29), and with alterations in cortisol response to challenge in toddlers (30).
Brennan et al. (31) documented associations between both peripartum (pre and postpartum)
and lifetime depressive disorders (measured via postpartum structured interviews) and
alterations in infant cortisol response to stress at six months. To our knowledge, however, no
studies of infant HPA regulation have included prospective measurement of depressive
disorders over pregnancy or included a preconception-only depression group. The
preconception-only depression group allows for disentangling effects of prenatal depression
from effects of lifetime depressive episodes prior to pregnancy (e.g., alterations in the
maternal hormonal milieu from prior depressive episodes) and familial/genetic factors. Thus,
the first goal of the present study is to investigate the specific influences of prenatal
depressive disorder versus preconception history of depressive disorder (measured by gold-
standard structured interviews) on offspring cortisol response. We focused on cortisol
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response in the neonatal period in order to identify the earliest biological pathways to long
term health outcomes.

We and others have proposed placental enzymes regulating maternal-fetal glucocorticoid and
serotonin transfer as key modulators of fetal programming effects of maternal depression
(32-34). The placenta is a unique endocrine and metabolic organ that mediates transmission
of environmental signals, nutrition, and endocrine/immune and gas exchange between
mother and fetus, and supports fetal brain development through adaptive responses to the
maternal environment and protection from environmental insults (35). . One key regulator of
fetal glucocorticoid exposure is placental 11 S hydroxysteroid dehydrogenase Type 2 (118
HSD2). 118 HSD2 is an enzyme which converts cortisol to inactive cortisone, protecting the
fetus from increasing maternal glucocorticoids over pregnancy (36).

Epigenetic alterations in the HSD11B2 promoter are posited to underlie changes in placental
118 HSD-2 activity and have been highlighted as critical modulators of fetal programming
by maternal stress (36). Epigenetic mechanisms involve alterations to DNA that influence
gene expression without altering the nucleotide sequence. Methylation is a stable epigenetic
mechanism that involves activation or suppression of gene expression through effects on
transcription factor binding. Our group has shown associations between socio-economic
adversity and altered placental #SD11B2 promoter methylation (37) and between altered
HSD11B2 methylation and infant birth weight and quality of movement (38). Further,
complementing a seminal study of associations between NR3CI methylation (another gene
in the glucocorticoid signaling pathway), prenatal depression and infant cortisol response
(39), we documented an interaction between prenatal anxiety and placental HSD11B2
methylation in relation to newborn muscle tone (32), such that increasing HSD11B2
methylation was associated with increasing hypotonicity only in infants exposed to prenatal
anxiety. In the present study, the second goal is to investigate placental #SD11B2
methylation as a modulator of links between prenatal MDD vs. preconception-only MDD
and infant cortisol response.

Serotonin signaling pathways have been implicated in both the pathophysiology of MDD
and in programming of the fetal brain and HPA axis development. Preclinical studies as well
as human studies of prenatal selective serotonin reuptake inhibitor (SSRI) use have
highlighted the critical role of serotonin signaling in fetal development (40, 41). There is
also emerging evidence for a key role of serotonin synthesis and transport in the placenta in
programming fetal brain development (34). SLC6A4, which encodes the serotonin
transporter, is also expressed in the placenta. Our group has previously shown increased
placental SLC6A4 gene expression in mothers with depression/anxiety (documented by
medical chart review) compared to controls (33), while Raikonnen et al. found no direct
association between prenatal depressive symptoms and SLC6A4 (42). Inconsistent findings
across studies may be due to a moderating as opposed to mediating role of SLC6A4 on links
between prenatal depression and infant outcomes. In the present study, the third goal is to
investigate SLC6A4 gene expression as a moderator of links between prenatal MDD vs.
preconception MDD and infant cortisol response.
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The present study is an intensive, prospective study of maternal prenatal versus
preconception-only MDD, placental glucocorticoid and serotonin signaling pathways, and
infant cortisol response. Sex differences have been documented at every step of fetal
programming pathways, including placental regulatory processes (43-46); thus, sex-specific
links between prenatal MDD and infant cortisol will be investigated, including sex-specific
moderation of these links by placenta glucocorticoid and serotonin pathways will be
investigated.

METHODS

Participants

Participants were 153 pregnant mothers (mean age=26+6) and their healthy infants (48%
female, mean age=32 days) from the Behavior and Mood in Mothers, Behavior in Infants
(BAMBI) study, an intensive, prospective study of prenatal MDD and neonatal
neurobehavior and stress response. BAMBI data collection took place between March, 2008
and January, 2013. Maternal exclusion criteria for the present study were as follows: age <18
or >40, psychotropic medication use after pregnancy recognition, steroid medications during
pregnancy, psychotic or bipolar disorder, medical conditions during pregnancy (gestational
diabetes, hypertension, pre-eclampsia, hyper/hypothyroidism), other high risk perinatal
conditions (e.g., non-singleton pregnancy), illicit drug use besides marijuana (meconium
confirmed). Infants were singletons born >36 weeks gestational age (GA). Infants with
congenital anomalies or serious medical complications were excluded. All participants
provided written informed consent, and followed procedures reviewed and approved by
Institutional Review Boards at Women and Infants’ Hospital of Rhode Island and Lifespan
Hospitals.

Assignment to Study Groups.—Mothers were assigned to one of three groups (Prenatal
MDD, Preconception-only MDD, Control) based on prenatal and/or lifetime diagnoses of
major and minor depressive episodes obtained through structured clinical interviews (See
details below); Prenatal MDD group included women who met criteria for major or minor
depressive episode at any time during the current pregnancy or in the conception window
(within 3 months of conception); Preconception-only MDD group included women with a
history of one or more lifetime major or minor depressive episodes prior but not during the
current pregnancy/conception window; Controls were free of lifetime and current pregnancy
mood disorder diagnoses. Women in the prenatal MDD group included those with (54%)
and without (46%) episodes of lifetime preconception MDD. Participants in all groups had
no lifetime history of psychotic or bipolar disorder. The sample included 64 mothers with
Prenatal MDD, 39 mothers with Preconception-only MDD, and 50 controls.

Procedures

Maternal Interviews.—Participants completed up to five interviews (M=5, SD=1)
between 2" trimester and one month postpartum, including up to 3 interviews during 2"
and 3" trimester of pregnancy, a post-delivery interview (95% completion), and an interview
at one month postpartum (93% completion). Pregnancy interviews were conducted between
18 and 39 weeks gestation (M's=23£3, 301, and 36+1 weeks gestation for the first, second,
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and third interviews, respectively). At the first maternal interview, women completed the
mood, anxiety, and psychotic screen modules of the Structured Clinical Interview for
Diagnostic and Statistical Manual of Mental Disorders, Fourth Edition, Text Revision
(DSM-IV-TR) Axis I Disorders-Research Version, Non-patient edition (SCID-I/NP) (47).
Major depressive episodes were based on DSM-1V criteria (=5 symptoms, =2 weeks,
functional impairment); minor depressive episodes were based on DSM-/V appendix B
criteria (2-4 symptoms, =2 weeks, functional impairment). At the initial interview, women
reported on mood disorders during their lifetime and during the current pregnancy up until
the time of the first interview. At each subsequent interview over pregnancy and postpartum,
the SCID current mood disorders module was administered to assess for major and minor
depressive episodes since the prior assessment. A reliability analysis based on re-rating of
10% of study interviews by independent judges yielded a Cohen’s kappa of .93 for
depressive disorders. Mothers also completed the Inventory of Depressive Symptomatology-
Self Rated (IDS-SR) (48) at each prenatal interview, which includes four-point Likert ratings
of 21 depressive symptoms over the past week.

At study enrollment, participants provided demographic information and completed a
socioeconomic status (SES) interview from which education, occupation, income, and
Hollingshead four-factor index of SES (49) were extracted. Additionally, participants
completed interviews regarding health and pregnancy history, pre-pregnancy weight, and a
calendar/anchor-based Timeline Follow Back (TLFB) interview, in which smoking and
alcohol use over pregnancy and three months prior to conception were measured on a daily
level (50, 51).

Delivery/Birth.—Information regarding maternal and infant health and medical conditions,
as well as infant sex, delivery method, gestational age at birth, and birth weight was
extracted by medical chart review. Mothers and study staff collected diapers containing
meconium for three days post-birth for verification of tobacco and other drug use. Placental
tissue was collected (M=1.2, SD=.65 hours after delivery) and preserved for extraction of
DNA for HSD11B2 methylation and RNA for SLC6A4 gene expression analyses.

One Month Infant Stress Response Assessment.—Cortisol stress response was
elicited using the NICU Network Neurobehavioral Scale (NNNS) (52, 53) administered by
certified examiners blind to maternal depression status at M=32 (SD=3) days. The NNNS
involves mild stress as the infant is observed and handled during periods of sleep, awake,
crying, and non-crying states, and lasted an average of 27+8 minutes. Four saliva samples
were collected for cortisol during and after the NNNS exam (baseline, end of NNNS, 20 and
40 minutes post-NNNS) (54) using the sorbette sampling device (Salimetrics LLC, State
College, Pennsylvania). At the one month stress assessment, mothers also provided
information about their infant’s feeding (breast/bottle, time since most recent feeding).
Mothers also completed the Maternal Attachment Inventory (55) to assess attachment to
their infants.
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Saliva Cortisol.—Saliva cortisol provides a non-invasive and reliable estimate of free
(unbound) cortisol (56). Following collection, infant saliva samples were frozen at —80°C
until analysis by Salimetrics using a high-sensitive enzyme immunoassay. The intra and
inter-assay coefficients of variation were < 8%.

Meconium analysis reflects cumulative substance use over the third trimester. Meconium
was analyzed by the U.S. Drug Testing Laboratories (Des Plaines, IL) for cotinine (nicotine
metabolite), cannabinoids, opiates, cocaine, and amphetamines via enzyme-multiplied
immunoassay technique (EMIT) and enzyme-linked immunosorbent assay (ELISA) screens
as well as tandem gas or liquid chromatography mass spectrometry confirmation (57-60).
Samples from all included participants were negative for cocaine, opiates, and
amphetamines. Samples with cotinine =10 ng/g and cannabinoid (carboxy THC) =40 ng/g
were considered positive.

Placental HSD11B2 promoter methylation and SLC6A4 gene expression.—
Placental tissue free from maternal decidua was excised throughout the placenta and placed
immediately in RNAIlater solution (Life Technologies, Grand Island, NY) then stored at 4°
C. At least 72 hours later, placenta samples were removed from RNAlater, blotted dry, snap-
frozen in liquid nitrogen, pulverized to homogeneity, and stored at —80° C until analysis.
Placental HSD11B2 methylation. Placental genomic DNA was extracted using the QIAmp
DNA Mini kit (Qiagen, Valencia, CA), and assessed for quantity and quality using a
ND-1000 Spectophotometer (Nanodrop, Wilmington, DE). DNA samples were sodium
bisulfite modified using the EZ DNA Methylation Kit (Zymo Research, Irvine, CA). Extent
of methylation at the HSD11B2promoter region was examined with a quantitative
pyrosequencing approach (61) as previously described (38) using the PyroMark MD
Pyrosequencing System (Qiagen). The region analyzed contains 4 CpGs previously
associated with infant behavior (32, 38) with reactions performed in triplicate. Sodium
bisulfite-modified, fully-methylated referent positive control and fully-unmethylated (whole
genome amplified) negative control DNA (Qiagen) was examined with each batch. SLC6A4
gene expression. Placental RNA was extracted using TRIzol Reagent® (62) and assessed for
quantity and quality using a ND-1000 Spectophotometer. The SuperScript® Il First Strand
Synthesis System Supermix was used to synthesize cDNA from 3 pg of RNA from each
sample and a pooled internal control sample using random hexamer primers. Real-time
quantitative PCR was carried out using cDNA from each placental sample to determine
RNA expression levels. Samples were analyzed for gene expression using an Applied
Biosystems 7500 Real-time PCR System (Applied Bio-systems, CA; assay
Hs00169010_m1). Each sample was run in triplicate. mMRNA expression was determined
relative to the multiplexed 18S housekeeping gene, which has stable expression levels in
placental tissue regardless of gestational age and delivery method (63) and also relative to a
pooled internal control sample using methods of Pfaffl (64).

Statistical Analysis

Preliminary analyses/data summaries.—Between-group comparisons (Prenatal
MDD, Preconception-only MDD, Controls) on demographics, pregnancy history, infant, and
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psychiatric characteristics utilized £, X2, Kruskall-Wallis ANOVA, and Fisher’s tests as
appropriate. A trapezoidal rule was applied to the four cortisol measures to produce an
integrated cortisol response measure (area under the curve; AUC (65)). Given high
magnitude associations between CpG’s (pairwise r's=.65-.76), methylation of the SLC6A4
promoter was summarized as mean methylation across all 4 CpG sites (37). Continuous
depressive symptoms were summarized as the mean IDS score across prenatal interviews.

Hypotheses regarding MDD group effects on infant cortisol response (baseline, AUC) were
tested using normal linear regression modeling, with MDD group as the independent
variable (1V), and infant baseline and AUC cortisol as the dependent variables. Specifically,
we tested two a priori linear contrasts: (a) Control group vs. Prenatal MDD group; (b)
Preconception-only MDD group vs. Prenatal MDD group, with Prenatal MDD group as the
reference. Hypotheses regarding moderation of MDD group effects on infant cortisol
response (baseline, AUC) by HSD11B2 promoter methylation and SLC6A4 gene expression
were investigated using normal linear regression modeling and the same a priori group
contrasts (Control group vs. Prenatal MDD group; Preconception-only MDD group vs.
Prenatal MDD group). Finally, a parallel set of regression analyses were conducted with
continuous depressive symptoms (mean of prenatal depressive symptom assessments) as the
IV, including main effects and interactions with HSD11B2 methylation and SLC6A4
expression.

Both baseline and AUC cortisol were transformed to the logarithmic scale prior to regression
modeling. However, model findings are interpreted in the original cortisol scale by
exponentiating linear regression coefficients and associated 95% confidence interval
endpoints. Outcome summaries in Figures 1 and 2 are also presented in the original scale for
ease of visual display. All associations were investigated using unstandardized regression
coefficients in the overall sample and also stratified by offspring sex. Sex by MDD group
interactions were tested for each set of analyses. Actual sample sizes for each regression
model depend on joint missingness in the cortisol outcome and model covariates, and are
noted for each MDD group within the overall and sex-stratified samples in Tables 2-4.

Potential confounders from prior literature (demographic characteristics, pregnancy history,
infant characteristics; See Table 1) were evaluated for associations with MDD group and
cortisol outcomes. Only one covariate (maternal education) showed significant associations
with both MDD group and cortisol outcome (p<.05) and was included as a confounder in all
regression models. Time since feeding was also included in the model based on associations
with baseline and AUC cortisol in our prior work (66).

Sample Characteristics

Descriptive statistics for the overall sample and stratified by MDD group are presented in
Table 1. Participants ranged in age from 18-40 (M=26, SD=5) and were racially and
ethnically diverse: 26% Hispanic, 16% African American, 12% Multiracial/Other; 46%
Non-Hispanic White). The sample was primarily low socioeconomic status: 85% of mothers
had an annual income < $30,000/year and 56% were unemployed. Fifty-eight percent of
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mothers were unmarried; 58% of pregnancies were unplanned. For infants, average
gestational age was 40+1 weeks; average birth weight was 3,366+449 grams; average Agpar
score was 9.

Mothers in the prenatal MDD group had more pregnancies, increased depressive symptoms,
and were more likely to have been diagnosed with an anxiety disorder in pregnancy or a
postpartum depressive episode vs. those in the Preconception-only MDD and Control
groups. Mothers in the Preconception-only MDD group were older, less diverse, more
educated, and of higher SES than those in the Prenatal MDD and Control groups. Mothers in
the three depression groups did not differ in substance use, pre-pregnancy body mass index,
or attachment to their infants at one month. Infants from the three maternal depression
groups did not differ significantly in GA at birth, birth weight percentile, Apgar scores >8,
or mode of delivery.

Mothers in the Prenatal MDD group experienced an average of 1 depressive episode during
pregnancy (range: 1-3 episodes; 78% major, 22% minor depressive episodes). Median
episode duration was 12 weeks (Inter-Quartile Range (IQR)=6-19) for major episodes and 5
weeks (IQR=3-7) for minor episodes. Fifty four percent of mothers in the Prenatal MDD
group had experienced one or more episodes of depression prior to pregnancy. By definition,
all mothers in the Preconception-only MDD group had experienced at least one depressive
episode prior to pregnancy. Prenatal and Preconception-only MDD groups did not differ in
terms of proportions of mothers experiencing two or more prior depressive episodes,
prenatal or preconception anxiety disorders.

Effects of MDD group on infant cortisol response

Baseline cortisol (Med=.23, IQR=.14-.36, skewness=3.12) and AUC cortisol (Med=15.8,
IQR=9.7-28.7, skewness=2.06) were successfully symmetrized via a logarithmic
transformation (In baseline: M=-1.44, SD=.83, skew=.47; In AUC: M=2.82, SD=.72,
skew=.19). Table 2 and Figure 1 show MDD group effects on infant baseline and AUC
cortisol response for the overall sample and stratified by daughters and sons.

After entry of relevant covariates (maternal education, time since feeding), significant
differences in AUC cortisol emerged between the Preconception-only and Prenatal MDD
groups (B=-.37, SE=.18, p=.04) in the overall sample, with infants in the Prenatal MDD
group showing 45% increased AUC cortisol vs. infants in the Preconception-only MDD
group (Ratio=1.45, 95% Cl= 1.02-2.05). No significant group differences emerged for
baseline cortisol in the overall sample.

Although the interaction of infant sex and MDD group contrasts did not attain significance
for either baseline or AUC cortisol (p’s>.10), stratifying by infant sex revealed significant
differences in baseline cortisol between Control and Prenatal MDD groups for daughters
only (B=—.42, SE=.21, p=.045); daughters of mothers with Prenatal MDD had 51% higher
baseline cortisol than daughters of Controls (Ratio=1.51, 95% C1=1.01-2.27). Although
differences were not statistically significant (p=.095), daughters of Prenatal MDD mothers
showed 49% higher baseline cortisol vs. girls in the Preconception MDD group (Ratio=1.49,
95% Cl1=.93-2.36). Significant Control vs. Prenatal MDD (p=-.50, SE=.23, t=.03) and
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Preconception-only vs. Prenatal MDD (B=-.56, SE=.26, p=.04) differences also emerged for
AUC cortisol, with daughters in the Prenatal MDD group showing 64% increased AUC
cortisol vs. Controls (Ratio=1.64, 95% CI1=1.05-2.56) and 75% increased AUC cortisol vs.
daughters in the Preconception-only MDD group (Ratio=1.75, 95% CI=1.04-2.94). No
significant effects of MDD group emerged for sons for either baseline or AUC cortisol (0's>.
49).

No significant main effects of continuous depressive symptoms emerged in the overall and
stratified samples for baseline or AUC cortisol.

Interaction of MDD group and HSD11B2 promoter methylation on infant cortisol response.

HSD11B2 methylation was symmetrically distributed (M=12.8, SD=3.3, skew=-.14, range
5-20), similar to prior studies (37). No significant main effects of MDD group or continuous
depressive symptoms emerged on HSD11B2 methylation. Table 3 shows MDD group by
HSD11B2 methylation interactions for infant baseline cortisol response for the overall and
sex-stratified samples.

A significant interaction of Control vs. Prenatal MDD groups and H/SD11B2 promoter
methylation emerged for baseline cortisol (p=.13, SE=.05, p=.02), such that significant
associations emerged between HSD11B2 methylation and baseline cortisol in the Prenatal
MDD group (B=-.08, SE=.04, p=.02), but not in the Control group (f=.05, SE=.04, p=.26).
No association emerged for the Preconception-only MDD group (B=.02, SE=.05, p=.74).
Exponentiation of methylation effects in the Prenatal MDD group revealed a 9% increase in
baseline cortisol per one-percentile decrease in HSD11B2 methylation levels (Ratio=1.09,
95% CI=1.01-1.16). Consistent with Figure 2, region of significance analyses across the 5%
to 20% range of observed methylation levels revealed that Control vs. Prenatal MDD
differences were only evident at lower levels of methylation; group contrasts were no longer
significant above 11% methylation, and were nullified at 14% methylation. No significant
interaction emerged between MDD groups and A#SD1.1B2 methylation and AUC cortisol.

Although the interaction of sex X MDD groups X A#SD11B2did not attain significance for
baseline or AUC cortisol (p°s>.50), stratifying baseline cortisol analyses by infant sex
revealed qualitatively similar MDD group by HSD11B2 methylation interactions for both
sexes that only attained significance among daughters (Control vs. Prenatal MDD contrast:
p=.16, SE=.06, p=.01). Paralleling MDD group findings, an interaction between continuous
depressive symptoms and HSD11B2emerged for baseline cortisol in daughters only (B=-.
008, SE=.004, p=.03) with effects of continuous depressive symptoms only evident at lower
levels of methylation and nullified at 14% methylation levels.

Interaction of MDD group and SLC6A4 gene expression on infant cortisol response.

SLC6A4/18S gene expression was skewed (Med=1.03, IQR=.57-1.92, skew=4.42), but was
successfully symmetrized via a logarithmic transformation (M=.03, SD=.94, skew=.13)
similar to prior studies (33). No significant main effects of MDD group or continuous
depressive symptoms emerged on SLC6A4 gene expression. No significant interactions
emerged between MDD groups and SLC6A4 gene expression on baseline cortisol in overall
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or stratified samples. Table 4 shows MDD group by SLC6A4 expression interactions on
AUC cortisol for overall and sex-stratified samples.

For AUC cortisol, a statistically significant interaction of infant sex by (Control vs. Prenatal
MDD groups) by SLC6A4 expression levels emerged (B=-.78, SE=.36, p=.03), such that
AUC cortisol differed among sons in the Control vs. Prenatal MDD groups (B=.61, SE=.22,
p=.007), but not among daughters. Specifically, a significant association between SLC6A4
expression and infant AUC cortisol for sons emerged in the Control group (p=.46, SE=.16,
p~=.007), but not in the Prenatal MDD group (p=-.16, SE=.13, p=.24). No association was
observed in the Preconception-only MDD group (B=.15, SE=.23, p=.51). Exponentiation of
SL C6A4 effect for control sons revealed that a tenfold increase in expression levels from .1
to 1.0, (approximate sample minimum to median), was associated with a nearly threefold
increase in AUC cortisol (Ratio=2.87, 95% CI=1.39-5.93). Region of significance testing
suggested that Control vs. Prenatal MDD contrasts were only evident at very low or high
levels of expression; group contrasts were no longer significant for expression levels in the
region .34-2.5, and were nullified at the sample median of 1.0 (Ratio =.98, 95% Cl=.
65-1.49). Specifically, AUC cortisol was about 4X higher in sons exposed to Prenatal MDD
than Control sons at expression levels of .1 (sample minimum) and 4X higher in Controls
than sons exposed to Prenatal MDD at expression levels of 10 (sample maximum)
(Ratio=4.11, 95% Cl=1.55-10.90).

No significant interaction of continuous depressive symptoms and SLC6A4 on AUC or
baseline cortisol emerged for the overall or sex-stratified samples.

DISCUSSION

Exposure to maternal depression is one of the most common forms of early adversity, with
known links to long-term health and behavioral outcomes. However, mechanisms remain
unclear. To our knowledge, the present study is the first to reveal unique associations
between prenatal major depressive disorder (MDD) versus preconception history of MDD
on offspring cortisol response in the neonatal period. Our study is also the first to investigate
placental glucocorticoid (epigenetic regulation of H#SD11B2)and serotonin (SLC6A4 gene
expression) signaling pathways as moderators of links between prenatal MDD exposure and
offspring cortisol. As hypothesized, we found that both placental #SD11B2 methylation and
SLC6A4 gene expression moderated the influence of prenatal MDD on infant cortisol
regulation. All findings were influenced by fetal sex. Effects of prenatal MDD on infant
cortisol and modulating effects of HSD11B2were strongest for newborn daughters, while
moderating effects of SLC6A4 emerged only in sons.

Our study revealed unique programming effects of prenatal depressive disorder on newborn
glucocorticoid regulation, with newborn daughters exposed to prenatal MDD showing
approximately fifty to seventy-five percent increases in baseline and stress-responsive
cortisol versus daughters of controls and daughters of mothers with preconception MDD
only. Although significant differences in stress-responsive cortisol between preconception
and prenatal MDD emerged in the overall sample (daughters and sons), overall effects were
driven by stronger effects in daughters and only weak effects in sons. Results support our
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hypothesis that prenatal depressive disorders versus prior history of maternal depression, and
potentially, genetic/familial liability to depression, program the fetal HPA axis. Our focus on
the neonatal period, the lack of maternal attachment differences between groups at one
month, and the lack of influence of postnatal MDD on infant cortisol (covariate analyses),
also point to an influence of prenatal versus postpartum MDD in programming the newborn
HPA axis. Results extend prior findings of links between prenatal depressive symptoms and
increased urine basal cortisol in the immediate newborn period (first postnatal week) in
several normative samples (24-27) as well as increased saliva cortisol response to challenge
at 6 months in relation to peripartum depressive disorders (31). Future research is needed
focused on timing of depressive episodes during pregnancy in relation to infant cortisol
regulation.

As hypothesized, placental 118 HSD2, moderated effects of prenatal MDD group on infant
cortisol. Specifically, we found significant associations between HSD11B2 methylation and
infant baseline cortisol for infants of mothers who experienced prenatal MDD. In contrast,
alterations in #SD11B2did not influence infant cortisol when mothers did not experience a
depressive episode during pregnancy. Effects of prenatal depression were most pronounced
at low levels of methylation (likely linked to higher levels of expression) and no longer
evident at higher levels of methylation (lower levels of expression). A prior study from our
group also demonstrated an interaction between methylation of placental HSD11B2with
maternal psychopathology (chart-documented anxiety) in predicting newborn muscle tension
(32). Both studies showing effects of methylation in the psychopathology vs. control group;
however, decreased methylation was associated with decreased hypotonicity (32) vs.
increased cortisol in the present study. Contrasting directions of results may be due to
differential outcomes (cortisol vs. muscle tone). Future studies are needed to reconcile
differential findings for neurobehavioral vs. neuroendocrine outcomes; however, both studies
highlight the importance of HSD11B2 activity in modulating effects of maternal prenatal
psychopathology on the infant.

Increased maternal glucocorticoids have been posited as a key mechanism underlying
transmission of maternal adversity to the fetus in both human and animal models. Maternal
glucocorticoids have independently been linked to risk for child and adult psychopathology/
affective states, health outcomes, as well as brain development (67-69). For example, Buss
and colleagues (67) revealed links between maternal prenatal cortisol and both increased
affective problems and altered right amygdalar volume (potential biomarker of depression)
in 7-year-old girls; they further showed that amygdalar volume mediated the link between
prenatal glucocorticoid exposure and increased childhood affective problems. Negative
associations between HSD11B2 methylation and infant cortisol levels in the depressed group
in the present study suggest a compensatory mechanism to protect the fetus from increased
maternal glucocorticoids from prenatal MDD.

Placental 118 HSD?2 activity has been shown to increase over pregnancy then to taper close
to gestation (70, 71). In the present study, methylation of placental HSD11B2was measured
at birth. Because methylation tends to represent a longer-term process, it is possible that
HSD11B2 methylation levels at birth represent the culmination of all changes over the
course of pregnancy, or, alternatively, only a portion of the prenatal period. Future studies
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and technological advances are needed to elucidate the time course of placental HSD11B2
methylation across pregnancy in relation to birth methylation levels and in relation to the
timing of depressive episodes over pregnancy.

Similar to HSD11B2 methylation, we found that placental SLC6A4 gene expression
moderated effects of prenatal MDD group on infant cortisol, but for sons only. Further,
results suggest a greater influence of prenatal depression on infant cortisol when available
placental serotonin was low. Our study highlights the importance of placental serotonin
signaling in modulating prenatal programming of the fetal HPA axis by maternal adversity.
Results extend a prior study by our group demonstrating direct effects of chart-documented
maternal depression and anxiety on placental SLC6A4 gene expression (33), and recent
work by Raikonnen and colleagues in a normative sample demonstrating associations
between SLC6A4 gene expression and decreased infant regulatory behaviors (72), but no
direct association between prenatal depressive symptoms and SLC6A4 (42). Our study
suggests that discrepancies in direct effects of prenatal depression on SLC6A4 between past
studies may be due to a moderating effect of placental SLC6A4 and infant sex on links
between prenatal depression and infant outcomes.

Effects of prenatal MDD on infant cortisol and moderating effects of placental HSD11B2
emerged most strongly for newborn daughters, whereas direct and moderating effects of
SLC6A4 were evident only for sons. Sex differences have been shown in maternal
glucocorticoid regulation (depending on fetal sex), in placental structure and function, the
placental transcriptome and epigenome, and in offspring outcomes following prenatal stress
(44-46, 73). It has been proposed that while males are at greater risk for mortality and
morbidity (viability) from prenatal exposure to adversity, emerging evidence suggests that
females’ adaptive flexibility in the face of prenatal adversity increases vulnerability to a
reactive endophenotype that is linked to risk for affective disorders (44). Our study
highlights the possibility in humans that differing placental signaling pathways (e.g.,
glucocorticoid versus serotonin) may modulate effects of prenatal insults for daughters and
sons. Longitudinal extensions of our study may reveal insight into consistent sex differences
in depressive symptoms and disorders (females>males). We can speculate that if placental
SLC6A4 expression parallels expression of SLC6A4 and serotonin in the fetal brain that the
positive associations between SLC6A4 expression and infant cortisol in boys may be related
to decreased “serotonergic vulnerability” to depression (74) in boys, whereas altered
glucocorticoid levels and signaling pathways may be linked to increase vulnerability to
depression in girls (67).

Given the complex nature of the findings and small group sizes for sex-stratified analyses,
replication of these findings in an independent and larger cohort is needed. An additional
limitation of the present study was that we included H#SD11B2 methylation but not gene
expression, and SLC6A4 gene expression but not methylation. Relatedly, our study focused
on two specific genes involved in placental glucocorticoid and serotonergic signaling.
Clearly, other placental genes along these and other pathways are likely to be involved in the
intergenerational transmission of adversity. Third, mothers in the preconception MDD group
differed on several demographic characteristics from mothers in the prenatal MDD and
control groups (education, age, race/ethnicity). Although relevant confounders were

Psychosom Med. Author manuscript; available in PMC 2019 May 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stroud et al.

Conclusions

Page 13

statistically controlled, prenatal and preconception MDD groups did not differ in number of
past depressive episodes or comorbid anxiety, and our analyses revealed programming
differences between prenatal MDD and both preconception MDD and controls, it is possible
that these demographic characteristics also influenced prenatal programming pathways.
Finally, although the preconception MDD group was included to control for heightened
genetic/familial risk for depression in the prenatal MDD group, our study did not include a
genetically-sensitive design or allelic variation in the serotonin transporter.

This intensive, prospective study provides evidence for unique programming effects of
prenatal major depressive disorder on neonatal cortisol response. Exposure to prenatal, but
not preconception-only MDD led to increased baseline and stress-responsive cortisol--
especially in newborn daughters. We found initial evidence that placental glucocorticoid and
serotonergic pathways moderated effects of prenatal MDD on infant cortisol. Modulating
effects were most pronounced for daughters for HSD11B2, and emerged for sons only for
SLC6A4. Results support placental glucocorticoid and serotonergic signaling pathways as
promising modulators of the influence of and maternal adversity on offspring, and,
potentially, key modifiable therapeutic targets for identification of and intervention with high
risk offspring.
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Figure 1.
Cortisol response to the NICU Network Neurobehavioral Scale (NNNS) in three groups of

one-month old neonates: Prenatal MDD (neonates exposed to mothers with prenatal major
depressive disorder), Preconception MDD (neonates exposed to mothers with MDD prior to
but not during pregnancy), and Controls for (A) overall sample and (B) daughters only.
Note. Four saliva samples were collected for cortisol during and after the NNNS (baseline,
end of NNNS, 20 and 40 minutes following the NNNS). Although baseline and area under
the curve (AUC) cortisol were modeled in the logarithmic scale for statistical analyses,
results are presented with raw mean cortisol values for ease of visual display.

Psychosom Med. Author manuscript; available in PMC 2019 May 29.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Stroud et al.

Page 19

0.6 1

= Prenatal MDD

= =-Preconception MDD
o AGC Control

Baseline Saliva Cortisol (ug/dL)

0.2

0.1 [ | [ I | [
5 7.5 10 12.5 15 17.5 20

S% HSD11B2 Methylation (Mean, CpG's 1-4)

Figure 2.
Model-based interaction between prenatal depression group and placental HSD11B2

methylation on baseline cortisol at one month.

Note. Although baseline cortisol was modeled in the logarithmic scale for statistical
analyses, fitted values are presented in the original cortisol scale. Fitted values are presented
controlling for education, and time since feeding.

Psychosom Med. Author manuscript; available in PMC 2019 May 29.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Stroud et al.

Maternal and infant characteristics for the full sample and by prenatal depression group

Table 1.

Total Prenatal MDD Preconcelption—only Controls
(n=153) (n=64) MDD"™ (n=39) (n=50)
Mean (SD), Mean (SD), Mean (SD), Mean (SD),
N (%2) N (%2) N (%2) N (%2)
Maternal Characteristics
Maternal age (years) 26 (6) 26 (6) 29 (5) 25(5) **
Race (% non-Hispanic White) 71 (46%) 22 (34%) 26 (67%) 23 (46%) **
Education (% < HS degree) 58 (38%) 31 (48%) 7 (18%) 20 (40%) **
Low SES® 50 (33%) 27 (42%) 7 (18%) 16 (33%) *
Gravida® 2(2) 3(2) 2(2) 2()
Depressive Symptoms5 17 (10) 24 (11) 14 (5) 10 (5) 7
Prenatal anxiety6 24 (16%) 16 (25%) 7 (19%) 10%)
Postpartum MDD’ 16 (10%) 12 (19%) 2 (5%) 2(4%) ~
Prenatal substance use® 13 (8%) 7 (11%) 4 (10%) 2 (4%)
Pre-pregnancy Y 26 (6) 26 (8) 27 (5) 25 (5)
Attachment to infant™’ 3.9(5) 3.8(6) 4.0 (4) 3.9 (4)
Infant Characteristics
Sex (% female) 73 (48%) 28 (44%) 19 (49%) 26 (52%)
Delivery Mode (% vaginal) 111 (73%) 49 (77%) 25 (64%) 37 (74%)
Gestational age at birth (wks) 40 (1) 40 (1) 40 (1) 40 (1)
Infant birthweight percentile’? 45 (25) 42 (26) 47 (24) 46 (26)
Infant Apgar at 5 min =9 138 (90%) 56 (90%) 38 (97%) 44 (88%)

*
NOTE: p<.05;

Hok
p<.01,

*A A

p<.001.

1MDD=major depressive disorder;

2 . .
Percentages are calculated based on available data for each variable.

3 .
Based on a score of 4 or 5 on the Hollingshead Index;

4 S .
Number of pregnancies (including current);

5 . . .
Number of depressive symptoms measured on the Inventory for Depressive Symptoms, Self Report version (IDS-SR) averaged over three

pregnancy interviews;

Diagnosed anxiety disorder during pregnancy measured by structured clinical interview;

Diagnosed depressive episode during the postpartum period measured by structured clinical interview;

>1 cigarette or drink per week, or meconium positive for nicotine or marijuana metabolites;

Psychosom Med. Author manuscript; available in PMC 2019 May 29.
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gBMI:Body Mass Index.

10
Measured by Maternal Attachment Inventory completed one month postpartum;

ﬂBirth weight percentile for gestational age.
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