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A B S T R A C T

Objective: Maternal infection during pregnancy has been associated with increased risk of offspring psycho-
pathology, including depression. As most infections do not cross the placenta, maternal immune responses to
infection have been considered as potentially contributing to this relationship. This study examined whether
gestational timing of maternal inflammation during pregnancy is associated with offspring internalizing and/or
externalizing symptoms during childhood and, further, whether fetal sex moderated this relationship.
Method: Participants were 737 pregnant women and their offspring who were continuously followed through
late childhood. Archived first and second trimester sera were analyzed for markers of inflammation [interleukin
8 (IL-8), IL-6, IL-1 receptor antagonist (IL-1ra), and soluble tumor necrosis factor receptor-II (sTNF-RII)]. When
offspring were aged 9–11, mothers completed a questionnaire assessing psychological symptoms.
Results: Multivariate regression analyses indicated that elevated IL-8 in the first trimester was associated with
significantly higher levels of externalizing symptoms in offspring. Higher IL-1ra in the second trimester was
associated with higher offspring internalizing symptoms. Further, second trimester IL-1ra was associated with
increased internalizing symptoms in females only.
Conclusion: These findings demonstrate that elevated maternal inflammation during pregnancy is associated
with the emergence of separate psychological phenotypes and that timing of exposure and fetal sex matter for
offspring outcomes. Given that internalizing and externalizing symptoms in childhood increase risk for a variety
of mental disorders later in development, these findings potentially have major implications for early inter-
vention and prevention work.

1. Introduction

Childhood internalizing (e.g., withdrawal, sorrow, and worry) and/
or externalizing symptoms (e.g. aggression, impulsivity) increase risk
for later psychiatric disorders (e.g., depression, substance use disorders,
and schizophrenia) (Cicchetti and Toth, 1991). Antenatal maternal
factors (e.g., malnutrition, distress, toxin exposure) are associated with
the emergence of childhood internalizing and externalizing symptoms
(MacKinnon et al., 2018) as well as later psychiatric conditions, such as
schizophrenia and depression (Allen et al., 1998). While there is
growing evidence that one antenatal maternal factor, maternal in-
flammation during pregnancy (MIP), is associated with subsequent
psychiatric conditions in offspring (e.g. schizophrenia, bipolar disorder,

autism), less is known about the role of MIP in the emergence of
childhood internalizing and externalizing phenotypes (Depino, 2018).
Since internalizing and externalizing symptoms in childhood increase
risk for a variety of mental disorders later in development, under-
standing the role of maternal inflammation in the emergence of inter-
nalizing and externalizing symptoms is important for early identifica-
tion and prevention.

There is compelling evidence linking maternal exposure to infection
during pregnancy with adverse psychiatric outcomes in their offspring
(Brown and Derkits, 2009; Machón et al., 1997; Murphy et al., 2017). It
is likely that the maternal inflammatory response following exposure to
infection is the mechanism by which risk is conferred to the offspring,
since some inflammatory cytokines can cross the placenta (Shi et al.,
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2005) while the majority of viral/bacterial pathogens cannot (Fineberg
and Ellman, 2013). In support of this hypothesis, multiple studies using
direct assessment of inflammatory activation have linked maternal in-
flammation with greater likelihood of offspring psychiatric diagnoses of
schizophrenia (Brown et al., 2004; Fineberg and Ellman, 2013), autism
(Brown et al., 2014), bipolar disorder (Canetta et al., 2014), and major
depressive disorder (Gilman et al., 2016). Although internalizing and
externalizing symptoms in children as well as elevated maternal in-
flammation are both predictors of serious psychiatric disorders, it re-
mains unclear whether increased levels of MIP are predictive of inter-
nalizing and externalizing symptoms in children. Only one human study
has investigated the role of MIP in childhood behavior, which found
that elevated interleukin-6 (IL-6) during pregnancy predicted worse
impulse control in two year old offspring via differential amygdala
development (Graham et al., 2018). Thus, there is strong reason to
believe that MIP is associated with internalizing and externalizing be-
haviors in offspring.

Animal research provides additional evidence that MIP is associated
with the development of internalizing and externalizing behaviors in
offspring. Animals exposed to MIP are more likely to exhibit behaviors
(e.g. decreased exploration, anhedonia, increased threat sensitivity,
cognition, and sensitivity to stimulants) that are analogues of inter-
nalizing and externalizing symptoms in humans (Meyer et al., 2009;
Simanek and Meier, 2015). Moreover, animal studies suggest that the
inconsistent results observed in human studies may, in part, be attri-
butable to the differential effect of MIP by fetal sex and the trimester
during which inflammation occurs (Meyer, 2014). Animal studies re-
port a generalized pattern of differential timing of MIP (trimester one
(T1) vs. trimester two (T2)) impacting different stages of fetal neuro-
development, leading to animal offspring phenotypes similar to inter-
nalizing and externalizing symptoms in humans (Meyer et al., 2006). In
rodents, T1 MIP is associated with sensorimotor gating, associative
learning difficulties and sensitivity to amphetamine use – animal be-
haviors similar to an externalizing phenotype in humans (Krueger et al.,
2002). This cluster of T1 deficits may be related to alterations in the
dopamine system caused by MIP (e.g., prefrontal hypoactivation and
subcortical hyperactivation in dopamine receptor D1; Meehan et al.,
2017). Conversely, T2 MIP is associated with deficits in social inter-
actions, anhedonic behavior, as well as perseverative behaviors and
cognitive inflexibility in rodent offspring (Babri et al., 2014; Zhang
et al., 2012), behaviors similar to internalizing behaviors in humans.

There is also good evidence that the effects of MIP may be depen-
dent upon the sex of the fetus (for a review see (Rana et al., 2012)),
however this research question is relatively understudied (Boksa,
2010). First, there are robust sex differences in the prevalence of psy-
chological disorders (e.g., schizophrenia, autism, depression). Second,
both human and rodent research have shown that negative behavioral
and cognitive outcomes (e.g., depressive and anxious behaviors) fol-
lowing prenatal infection/inflammation are dependent on fetal sex
(Gilman et al., 2016; Rana et al., 2012; Wang et al., 2010). The precise
relationship between fetal sex and neurodevelopmental outcomes is
unclear because of a strong bias in animal research towards the ex-
periments that use male animals only (Beery and Zucker, 2011) and
because there are multiple additional factors moderating the relation-
ship between MIP and behavioral outcomes (e.g., the dose and char-
acter of immune response as well as the timing of administration during
gestations). However, given the elevated prevalence of internalizing
disorders in females and the heightened risk of conduct disorders in
males (Zahn-Waxler et al., 2008), it is probable that MIP confers a si-
milar risk profile.

1.1. The present study

The present study tested whether the timing of MIP, as measured by
levels of inflammatory biomarkers in maternal sera, differentially pre-
dicts internalizing and externalizing symptoms in offspring. Data are

based on maternal report via questionnaire of the offspring's symptoms
at a 9–11 year follow-up obtained from a large-scale, longitudinal
study, and immunoassays performed on archived maternal serum ob-
tained during T1 and T2 of pregnancy. This study hypothesized that:

(1) Elevated T1 MIP predict more severe offspring externalizing
symptoms.

(2) Elevated T2 MIP predict more severe offspring internalizing
symptoms.

(3) An exploratory aim was to test whether the relationship between
MIP and internalizing and externalizing symptoms in offspring
would differ by sex.

2. Method

2.1. Participants

Institutional Review Board approval was obtained at two large
universities in the United States. Participants were drawn from a pro-
spective, longitudinal study of women that gave birth in a socio-eco-
nomically and racially diverse county in the United States between
1959 and 1966, resulting in 19,044 live births. The prospective, long-
itudinal study recruited virtually all pregnant women seeking obstetric
care within this diverse county of the United States (van den Berg et al.,
1988). Live births from 1960 to 1963 (n= 9708) were the basis for
childhood follow-up studies. Among children in these birth cohorts still
residing in the county at age 9 (n= 6614), 3737 were enrolled in the
follow-up at ages 9–11 years. Mother/offspring pairs were included in
the current analyses for 737 mothers for whom archived maternal
serum samples from T1 and/or T2 were available for immunoassay,
with 1304 sera samples available in total. See Fig. 1 for details.

2.2. Measures

2.2.1. Demographic variables
Demographic data were gathered from maternal interviews during

pregnancy. Maternal education was categorized as ‘Did not complete
High School’, ‘Completed High School’ or ‘Completed more than High
School’; maternal education is used as a proxy for socio-economic status,
since this variable is correlated with other measures of SES (e.g., in-
come) in similar studies (Fineberg et al., 2016) and is frequently used as
a proxy for postnatal adversity (Schlotz and Phillips, 2009). Race was
categorized as: ‘White’ vs. ‘Non-white’; with the ‘Non-white’ sub-sample
composed of ‘African-American’ (20.2%) and ‘Asian’ (5.6%). Offspring
sex was categorized as ‘Male’ or ‘Female’.

2.2.2. Maternal report of offspring internalizing and externalizing
symptoms

During the follow-up exam (mean child age=9.71, SD=0.71),
mothers answered ‘true’, ‘not true,’ or ‘uncertain’ to 100 questions about
their child's behavior; items were adapted to simplify vocabulary so
that parents could easily respond. Internalizing and externalizing items
were selected based on their similarity to items measuring these con-
structs in the Child Behavior Checklist, a well-validated measure of
psychopathology in children (Achenbach, 1991).

The inclusion of ‘uncertain’ responses in the questionnaire re-
presented a significant methodological problem since it was unclear
whether the respondents were: uncertain as to the meaning of the
question, uncertain as to whether their child's behavior met criteria
outlined by the question, or uncertain for another reason. Further, total
number of ‘uncertain’ responses was significantly associated with ma-
ternal self-reported worries at the time of maternal interview, r
(637)= 0.137, p= .001, but not with education or race. This indicates
that there is significant variability in the probability of responding
uncertainly which is based on at least one maternal characteristic
known to be associated with maternal inflammation and child

N. Mac Giollabhui et al. Journal of Psychiatric Research 111 (2019) 96–103

97



internalizing and externalizing symptoms. Further, it is probable that
responses are additionally attributable to unknown maternal char-
acteristics. Consequently, it is inappropriate to treat ‘uncertain’ re-
sponses as missing data, given strong evidence that data are not
‘missing not at random' (Graham, 2009). Thus, ‘uncertain’ responses on
either the internalizing or externalizing scale were removed. Given the
challenge of working with the original questionnaire data, additional
analyses are included in the supplementary material (i) comparing the
analytic and excluded samples, (ii) presenting an exploratory factor
analysis confirming a satisfactory two factor solution for internalizing/
externalizing questionnaire items, and (iii) replicating results using a
less conservative approach to handling ‘uncertain’ responses which
increases the statistical power of the analyses – see supplementary in-
formation for complete details. In brief, these analyses indicate that no
systematic differences are observable when comparing the analytic to
the excluded sample, that two latent internalizing and externalizing
factors underpin questionnaire data, and that findings from the results

presented in this manuscript conceptually replicate when a more liberal
approach to ‘uncertain’ responses are used.

Internalizing symptoms were estimated using 13 items from the
100-item questionnaire described above. Item examples include: ‘Often
seems tired’, ‘Has lots of fears and worries’, ‘Shy, bashful’, and ‘Often in
dumps, blue’. Only ‘Yes’ or ‘No’ responses were considered valid re-
sponses and internalizing scores only were calculated for those with
valid responses on all 13 items. On average, girls were reported to have
2.90 internalizing symptoms (SD=2.47) while boys were reported to
have 2.64 symptoms (SD=2.17). For the 315 individuals with com-
plete data on the internalizing scale, the scale demonstrated adequate
reliability with a Cronbach's Alpha of .704.

Fifteen items, including ‘Stays away from home without permission’,
‘Spoils or breaks things belonging to others’, ‘Sassy, talks back when told to
do anything’, and ‘Bullies others’, were used to assess externalizing
symptoms. Only ‘Yes’ or ‘No’ responses were considered valid responses
and externalizing scores only were calculated for those with valid re-
sponses on all 15 items. On average, girls were reported to have 1.99
externalizing symptoms (SD=1.97) while boys were reported to have
2.54 symptoms (SD=2.32). For the 311 individuals with complete
data, the scale demonstrated adequate reliability with a Cronbach's
Alpha of .714. Both of these scales have been used in studies examining
the relationship between maternal risk factors during pregnancy and
behavioral outcomes in offspring (Maxwell et al., 2018).

2.2.3. Maternal worries and psychiatric diagnoses
Maternal interviews when the child was aged 9–11 assessed fi-

nancial, marital, employment or health worries endorsed by the mother
about herself; this measure of maternal worry has been used previously
in similar studies (Maxwell et al., 2018; Murphy et al., 2017). For each
item, a ‘Yes’ response was coded as a score of one and a ‘No’ response as
zero, with total scores ranging from zero to four. Additionally, the
current study examined data from maternal medical charts for the first
and second trimesters of pregnancy. During this period, a range of di-
agnoses were included in the medical charts that related loosely to
disorders involving psychosis (e.g., schizophrenia), anxiety (e.g., an-
xiety without somatic symptoms), and emotional disturbances (e.g.,
neurasthenia). From the entire sample of 737 mothers, one gravida had
a psychotic diagnosis during trimester one and two of pregnancy, 16
met criteria for anxiety disorders, and 13 met criteria for a diagnosis
involving an emotional disturbance in the first trimester while six met
criteria during the second trimester.

2.2.4. Maternal inflammation during pregnancy
During T1 and T2, 12 cc of blood were drawn from mothers in each

trimester; assays were conducted on archived prenatal sera of 737
mothers. All assays were conducted in the inflammatory biology la-
boratory of a large public university. The cytokines IL-6 and IL-8, the
soluble receptor for TNF-α (sTNF-RII), and the receptor antagonist for
IL-1β (IL-1ra) were assayed using Quantikine High Sensitivity human
IL-6 and IL-8 ELISA kits and regular sensitivity ELISA kits for the other
markers (R&D Systems, Inc., Minneapolis, MN). sTNF-rII and IL-1ra are
valid and reliable estimates of TNF-α and IL-1β activity that are present
at much higher concentrations in sera than the cytokines themselves,
thus allowing for consistently detectable values of cytokine activity in a
pregnancy population characterized by suppressed immune function
(Diez-Ruiz et al., 1995; Irwin et al., 2007). Assays were performed ac-
cording to the manufacturer's protocols with the following exceptions:
sera were routinely tested at a 5- or 25-fold dilution for IL-8, and at a
30-fold dilution for sTNF-rII; samples outside the range of the reference
standard curve were re-assayed at an appropriate dilution. IL-6 and IL-8
assays were given priority for those archival specimens with insufficient
volume for all analytes. Samples from T1 and T2 from the same woman
were always assayed together on the same assay plate, to minimize
differences between gestational timing that might have been introduced
from interassay variation. Paired samples for each pregnancy were

Fig. 1. The Number of Participants Recruited and Retained for the Child Health
and Development Studies in addition to the Number of Mothers whose Serum
was Assayed.
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randomly assigned to an assay plate, and randomly ordered within
plates. Every assay plate contained an internal quality control sample,
with inter-assay correlation coefficients< 9% and mean intra-assay
correlation coefficients< 4% for all analytes.

2.3. Data analysis

Bivariate correlations between the dependent variables, in-
flammatory biomarkers and demographic variables, as well as maternal
variables (age of gravida at birth, maternal race, and maternal worries)
were examined. All biomarkers were log-transformed. Variables sig-
nificantly correlated with at least one of the outcomes and at least one
inflammatory biomarker were included as covariates (e.g., sex, race and
maternal education). Multivariate regression was conducted using IBM
SPSS (v24), with each inflammatory biomarker predicting to inter-
nalizing and externalizing symptoms in separate models when con-
trolling for covariates. Interaction terms were based on mean-centered
predictor variables and significant interactions are visually presented as
one standard deviation below the mean (Low), at the mean (Moderate),
and one standard deviation above the mean (High). Simple slope ana-
lyses are reported that indicate whether the association of the predictor
and the outcome variable differs from zero at a given value of the
moderator (e.g., sex).

3. Results

From the 737 mothers for whom archived sera was assayed for
biomarkers of inflammation, 405 had biomarker data at T1 and/or T2,
and had complete offspring data on either the internalizing or ex-
ternalizing scales. No differences were observed between the analytic
(n=405) and excluded (n=332) mothers on demographic, maternal
health, or inflammatory biomarker variables (see supplementary ma-
terial). A correlation matrix and descriptive statistics (final two rows)
are presented in Table 1.

3.1. Bivariate correlations

A significant positive association was observed between offspring
internalizing symptoms at ages 9–11 and T2 IL-1ra. Further, significant
positive associations were observed between externalizing symptoms
and T1 IL-8 and T1 IL-6. Maternal race was significantly negatively
associated with internalizing symptoms, so that those identifying as
white reported fewer internalizing symptoms among offspring. Positive

associations were observed between maternal race and multiple in-
flammatory cytokines. Maternal worries were significantly associated
with both offspring internalizing and externalizing symptoms; however,
no significant relationship was observable between maternal worries
and any of the inflammatory cytokines. Maternal education was sig-
nificantly associated with offspring externalizing symptoms, such that
higher education was associated with lower externalizing symptoma-
tology. Maternal education also was associated with lower levels of
maternal T2 IL-6 and T2 IL-1ra. Being male was associated with higher
levels of externalizing symptoms. Race and maternal education were
controlled for given their association with a dependent variable, in
addition to markers of cytokine activity. Sex was included as a covariate
given the strong a priori rationale for its inclusion and the objective of
testing for sex-based interactions.

3.2. Multivariate regression

Multivariate regression analyses predicting to internalizing and
externalizing symptoms are reported in Table 2. Unadjusted univariate
associations are reported in the far right columns of Table 2.

3.3. Internalizing symptoms

Higher levels of T2 IL-1ra were significantly associated with higher
levels of internalizing symptoms in offspring (see Table 2). Likewise, an
association that approached significance was observed for higher T2 IL-
6 with higher offspring internalizing symptoms. Additionally, the as-
sociation between IL-1ra and internalizing symptoms was moderated by
offspring sex, so that only female offspring experienced significantly
higher levels of internalizing symptoms following exposure to T2 IL-
1ra, see Fig. 2.

3.4. Externalizing symptoms

Higher levels of maternal T1 IL-8 were significantly associated with
externalizing symptoms, while higher levels of maternal T1 IL-6 ap-
proached significance in their association with higher levels of offspring
externalizing symptoms. Further, an interaction was observed (that
approached significance) such that males exhibited excess levels of
externalizing symptoms when exposed to equivalent levels of maternal
T1 IL-6.

Significant associations between control variables and both inter-
nalizing and externalizing symptoms are presented in (see Table S1,

Table 1
Descriptive statistics and bivariate correlations of study variables (N= 405).

Measure 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

1: Int – .38*** -.09 -.14* .11* -.07 .03 -.09 .04 .10 .13* -.02 .05 .11 -.06
2: Ext – .05 -.09 .20*** -.14* .03 -.03 .16** .12* .07 -.02 -.04 .10 .13*
3: Grav Age – -.16** .08 .02 .00 .02 -.04 .05 -.09 −04 .00 .01 .00
4: Race(White) – -.12* .11* .06 .11* .09 -.05 .09 .18** .11* -.05 -.07
5: Worries – -.03 -.08 -.04 -.09 -.08 -.09 .02 -.01 .02 -.03
6: Gravida Education – -.04 -.02 -.01 -.06 -.17** .01 -.04 -.16** -.02
7: T1-IL1ra – .39*** .28*** .40*** 37*** .17** .01 .02 .01
8: T1-TNF – .21*** .27*** .24*** .51*** .04 .09 .02
9: T1-IL8 – .51*** .04 .09 .15* .04 .00
10: T1-IL6 – .03 .02 .06 .15* .01
11: T2-IL1ra – .39*** .41*** .47*** .02
12: T2-TNF – .20*** .25*** .05
13: T2-IL8 – .53*** -.08
14: T2: IL-6 .01
15: Sex –
Mean 2.77 2.26 28.92 .75 .22 2.44 6.22 7.88 5.80 .51 6.15 8.03 5.69 .39 .51
(SD) 2.32 2.16 5.76 .43 .52 .65 .61 .25 1.68 .95 .50 .23 1.68 .84 .50

Note: Int: Internalizing Behaviors; Ext: Externalizing Behaviors; T1 = Trimester 1; T2 = Trimester 2; Grav Age = Age of Gravida; Race Reference Category is Non-
White; IL1ra = IL-1 receptor antagonist; TNF = Tumor Necrosis Factor Alpha; TNF alpha estimated using soluble TNF receptor two. Probability: *p < .05;
**p < .01; ***<0.001.
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available online).

4. Discussion

This is the first human study to demonstrate that maternal in-
flammation during pregnancy is associated with subsequent inter-
nalizing and externalizing symptoms in offspring aged 9–11 years.
Higher levels of T2 IL-1 receptor antagonist (IL-1ra) were associated
with more internalizing symptoms in females while higher levels of T1

IL-8 predicted higher levels of subsequent conduct problems among
offspring. This is the first study to suggest that the timing of exposure to
MIP and fetal sex are important in determining risk to offspring.
Further, our findings suggests that inconsistent results observed across
studies examining maternal infection and maternal inflammation may
be due to the moderating impact of fetal sex and the timing of in-
flammation.

The observed association between T1 MIP and externalizing symp-
toms supports animal research linking T1 MIP during pregnancy with

Table 2
Regression models predicting internalizing and externalizing symptoms for (i) four cytokine values across two trimesters adjusted for sex, race and maternal
education and (ii) interaction of sex by cytokine; univariate regression for each variable predicting internalizing and externalizing symptoms are also presented to the
right of the table.

Internalizing Symptoms

Trimester 1 Models b(SE)p Trimester 2 Models b(SE)p Univariate Regression

(i) Eight Models For Four Cytokine Values Across Two Trimesters That Have Been Adjusted For Sex, Race and Maternal Education Predictor b(SE)p

Predictors IL-1ra sTNF-RII IL-8 IL-6 IL-1ra sTNF-RII IL-8 IL-6 Race (White) -.15(.26)**

Cytokine1 .04(.24) -.08(.58) .06(.08) .09(.16) .14(.29)* -.01(.64) .06(.08) .10(.16)a Maternal Ed. -.06(.24)
R2 4.1% 4.5% 3.4% 3.9% 3.6% 1.8% 3.0% 3.7% Sex (Male) -.06(.26)
(ii) Addition of Sex Interaction to above multivariate models T1 IL-1ra -.06(.26)
Cytokine*Sex -.02(.47) .88(1.16) .30(.17) .12(.33) −1.93(.57)* .81(1.27) .10(.17) .14(.33) T1 sTNF-RII -.09(.58)
R2 4.1% 4.6% 4.0% 4.3% 6.0% 1.9% 3.1% 4.5% T1 IL-8 .04(.08)

T1 IL-6 .10(.16)a

T2 IL-1ra .13(.29)*
T2 sTNF-RII -.02(.63)
T2 IL-8 .05(.08)
T2 IL-6 .11(.16)a

Externalizing Symptoms
Trimester 1 Models b(SE)p Trimester 2 Models b(SE)p Univariate Regression

(i) Eight Models For Four Cytokine Values Across Two Trimesters That Have Been Adjusted For Sex, Race and Maternal Education Predictor b(SE)p

Predictors IL-1ra sTNF-RII IL-8 IL-6 IL-1ra sTNF-RII IL-8 IL-6 Race (White) -.10(.28)a

Cytokine1 .04(.22) -.03(.54) .17(.08)** .10(.13)a .06(.28) -.02(.64) -.04(.08) .06(.15) Maternal Ed. -.14(.18)*
R2 4.3% 4.2% 7.0% 5.2% 4.3% 4.1% 5.0% 5.3% Sex (Male) -.06(.26)
(ii) Addition of Sex Interaction to above multivariate models T1 IL-1ra -.06(.26)
Cytokine*Sex .30(.44) 2.59(1.10) .08(.15) .19(.26)a -.35(.55) 4.28(1.26)a -.16(.16) .07(.31) T1 sTNF-RII -.03(.54)
R2 4.4% 4.9% 7.0% 6.5% 4.4% 5.4% 5.2% 5.5% T1 IL-8 .16(.08)**

T1 IL-6 .12(.13)*
T2 IL-11ra .07(.28)
T2 sTNF-RII -.02(.64)
T2 IL-8 -.04(.08)
T2 IL-6 .10(.15)

Probability: †p < .10; *p < .05; **p < .01; Cytokine1=Cytokine referenced as title of each Trimester Model; T1=Trimester 1; T2=Trimester 2;
Ed.= Education; Univariate Regression= Presents parameter estimates of univariate regression of the predictor to the outcome. TNF- α estimated using soluble TNF
receptor two and IL-1 β using IL-1 receptor antagonist.

Fig. 2.
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animal analogues of human externalizing symptoms (e.g., sensorimotor
gating deficits/worse associative learning/sensitivity to amphetamine
use; Meyer, 2014; Meyer et al., 2009). Additionally, these results are in
line with human research linking T1 maternal infection to subsequent
externalizing symptoms in children (MacKinnon et al., 2018). T2 MIP
was found to be associated with offspring internalizing symptoms.
While many animal studies report that internalizing symptoms are as-
sociated with MIP independently of timing (Boksa, 2010; Depino,
2015), other animal (Bauman et al., 2014) and human (Murphy et al.,
2017; Simanek and Meier, 2015) studies report a specific link between
T2 MIP or maternal infection and internalizing symptoms. When con-
sidered as a whole, these findings support a relatively consistent general
finding from the animal literature that the exact timing of MIP funda-
mentally influences the type of behavioral abnormalities observed in
the offspring (Meyer, 2014; Meyer et al., 2006).

In the current study, females were more likely to exhibit elevated
internalizing symptoms following T2 IL-1 exposure. Understanding sex
differences in MIP matters, given sex-based susceptibility to inter-
nalizing and externalizing symptoms (Zahn-Waxler et al., 2008). An-
imal (Rana et al., 2012) and human (Gilman et al., 2016; Machón et al.,
1997; Mino et al., 2000; Morgan et al., 1997) studies report mixed re-
sults, with fetal sex conferring both risk and protection. The sex-de-
pendent differences observed in these results are, more generally, in
line with the recognized sex-specific effect that a diverse range of en-
vironmental factors have on placental functions and the risk of disease
later in the lifespan (Gabory et al., 2013). Inconsistent results likely
reflect, in part, the complex interplay between genetic predispositions
to psychiatric conditions, sex, the timing of maternal inflammation
during pregnancy, potentially unobserved environmental risk factors
that occur in early childhood as well as differences between onset of
internalizing symptoms in childhood and diagnostic criteria in adult-
hood (Simanek and Meier, 2015). It is also likely that inconsistencies
across human and animal research are caused, in part, by differential,
sex-specific responses of biological systems (e.g., stress) across species
(Ellman et al., 2008). Also, previous studies have primarily examined
the relationship between maternal infection and psychiatric diagnoses
and/or hospital admissions (Crow and Done, 1992; Machón et al., 1997;
Murphy et al., 2017). This emphasis on severe cases of psychiatric
disorders may limit the generalizability of findings to less severe cases
and, consequently, it is important to examine the effect of maternal
infection/inflammation on subthreshold symptoms during early devel-
opmental periods before psychiatric conditions tend to emerge (Crow
and Done, 1992; Takei et al., 1993).

Internalizing and externalizing symptomology were both sig-
nificantly associated with IL-6 in unadjusted analyses and differentially
associated with higher levels of IL-1ra and IL-8, respectively, in ad-
justed and unadjusted analyses. The association of IL-1ra and IL-8 with
internalizing and externalizing symptoms, respectively, is largely in
accordance with previous findings. IL-1ra levels increase in response to
psychosocial and physical (e.g., pathogens, injuries) events, activating
multiple processes leading to fever, loss of appetite, somnolence, le-
thargy and decreased social activity in humans – sickness behaviors that
overlap with internalizing symptoms (Dantzer, 2001). In animals, ex-
posure to IL-1β during pregnancy is associated with higher expression
of IL-1β in the human placenta, amniotic fluid, newborn blood and
neonatal brain, white matter abnormalities as well as motor dysfunc-
tion (Arrode-Brusés and Brusés, 2012; Cai et al., 2000). IL-8 is a
proinflammatory chemokine that helps mobilize and activate neu-
trophils, directing the migration of cells to the site of infection and/or
injury (Janeway et al., 2005). IL-8 has been linked to structural brain
abnormalities in animals (Willette et al., 2013) and humans (Ellman
et al., 2010), increased risk of schizophrenia, and mediates the asso-
ciation between deficits in IQ/executive functioning in children born
extremely preterm (Kuban et al., 2017). Given that externalizing
symptoms in children are associated with cognitive dysfunction, it may
be that fetal exposure to IL-8 increases risk for externalizing symptoms

via cognitive impairment, but future research is necessary to resolve
this question. Finally, higher T1 and T2 IL-6 were differentially asso-
ciated with offspring externalizing and internalizing symptoms, re-
spectively, in unadjusted analyses. IL-6 has been the cytokine most
consistently associated with depression in non-pregnant studies, has
been found to be a key mediator in brain and behavior changes in
prenatal inflammation animal studies (Smith et al., 2007), and is one of
the only cytokines that is known to cross the placenta (Zaretsky et al.,
2004). Nevertheless, after adjusting for covariates (race, maternal
education, and sex), IL-6 associations became non-significant indicating
that future studies should examine potential interaction between IL-6
and the demographic variables.

Robust sex differences have been observed in the prevalence of
multiple psychiatric disorders, including depression, autism, attention-
deficit hyperactivity disorder, schizophrenia, substance use and eating
disorders with both males and females differentially susceptible to
different psychiatric disorders (Zahn-Waxler et al., 2008). The pre-
valence rates across multiple psychiatric conditions differ such that
males are more likely to be diagnosed with an externalizing disorder,
similar to the symptoms assessed in our study (e.g., conduct disorder)
while females are more likely to be diagnosed with an adolescent-onset
emotional disorder (e.g., depressive and anxiety disorders), however
the cause of sex-based vulnerabilities to psychopathology remains un-
known. Across many psychiatric disorders, the emergence of inter-
nalizing and externalizing symptoms in childhood are frequent pro-
dromal features and, thus, results from this study suggest that
differences in sex-based susceptibility to psychiatric disorders may be,
at least in part, attributable to sex-based differences in the fetal sus-
ceptibility to MIP. Better characterizing the effect that MIP has on sex-
based susceptibility to psychiatric disorder may play an important role
in describing the etiology of psychiatric disorders more generally, as
well as potentially identifying targets for early intervention and pre-
vention strategies.

Confidence in results is strengthened by the use of a prospective,
longitudinal design that creates a clear temporal precedence for ex-
posure to inflammation. Second, serological assessment and the use of
robust proxies of both TNF-α and IL1-β improve the precision of MIP
measurement, and the conclusions on which these measures are based.
Further, despite the use of archived serum, there was no evidence of
serological degeneration, since detectable values were observed for all
of the samples and did not differ from quality control samples (data
available upon request). Further, it is unlikely that degradation of
samples would occur preferentially for sera from specific mothers in the
cohort in a systematic manner that would influence results. The present
study did not conduct serological analyses of 3rd trimester sera, given
increases in proinflammatory cytokines prior to the onset of labor and
parturition that can reduce the ability to observe differences in in-
flammatory markers across individuals (Christiaens et al., 2008).
Nevertheless, future studies should determine whether later periods of
gestation influence differential offspring phenotypes. An important
limitation, however, is that the analytic sample was reduced by the
number of ‘uncertain’ responses on maternal reports of both inter-
nalizing and externalizing symptoms, which may have decreased the
level of maternal worry in the sample, given the associations between
self-reported maternal worry and ‘uncertain’ responses. A further lim-
itation of the study is the reliance on questionnaire without accom-
panying normed data. Thus, we cannot exclude the possibility that the
prevalence of internalizing and externalizing symptoms is system-
atically different in the CHDS sample compared to the general popu-
lation. However, this risk is largely mitigated by the CHDS sample
comprising a community sample consisting of virtually all pregnant
women seeking obstetric care within a highly diverse county of the
United States across a number of years. Additionally, our supplemen-
tary analyses indicated that there were no systematic differences in
demographic, maternal health or inflammatory cytokine variables
when comparing the analytic dataset to the overall sample. Moreover,
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the recruitment of virtually all pregnant mothers within a diverse
county within the United States increases the likelihood that these
findings generalize to the broader United States population.

These results from our study advance our understanding of how the
intra uterine environment shapes risk for internalizing and ex-
ternalizing symptoms in childhood. This study demonstrates that fetal
sex and timing of MIP are important in understanding the role of MIP in
offspring psychopathology, which could have implications for early
identification and intervention strategies.
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