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Stress is associated with numerous chronic diseases, beginning in
fetal development with in utero exposures (prenatal stress)
impacting offspring’s risk for disorders later in life. In previous
studies, we demonstrated adverse maternal in utero immune ac-
tivity on sex differences in offspring neurodevelopment at age
seven and adult risk for major depression and psychoses. Here,
we hypothesized that in utero exposure to maternal proinflamma-
tory cytokines has sex-dependent effects on specific brain circuitry
regulating stress and immune function in the offspring that are
retained across the lifespan. Using a unique prenatal cohort, we
tested this hypothesis in 80 adult offspring, equally divided by sex,
followed from in utero development to midlife. Functional MRI
results showed that exposure to proinflammatory cytokines in
utero was significantly associated with sex differences in brain
activity and connectivity during response to negative stressful
stimuli 45 y later. Lower maternal TNF-α levels were significantly
associated with higher hypothalamic activity in both sexes and
higher functional connectivity between hypothalamus and ante-
rior cingulate only in men. Higher prenatal levels of IL-6 were sig-
nificantly associated with higher hippocampal activity in women
alone. When examined in relation to the anti-inflammatory effects
of IL-10, the ratio TNF-α:IL-10 was associated with sex-dependent
effects on hippocampal activity and functional connectivity with
the hypothalamus. Collectively, results suggested that adverse lev-
els of maternal in utero proinflammatory cytokines and the balance
of pro- to anti-inflammatory cytokines impact brain development of
offspring in a sexually dimorphic manner that persists across
the lifespan.

prenatal immune programming | prenatal stress | stress circuitry | sex |
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Repeated and prolonged adverse responses to negative stress
have been associated with increased risk for many chronic

diseases, including psychiatric and cardiovascular disorders. In
fact, perturbations in the in utero development of the stress re-
sponse circuitry have played a key role underlying the develop-
mental origins of disease, including what has been termed prenatal-
stress models of chronic disease (1–6). These in utero perturbations
may also contribute to sex differences in disease risk (2, 4, 6–10),
given that the brain circuitry regulating the stress response contains
some of the most highly sexually dimorphic regions in the brain (2,
4, 9, 11). That is, they develop differently in the male and female
brain in utero, and when developmentally disrupted, have long-
lasting effects on sex-dependent disease risk (5).
Brain circuitry involved in the stress response system includes

arousal in the hypothalamus (HYPO), amygdala (AMYG), and

periaqueductal gray (PAG) and inhibitory control of arousal by
the medial prefrontal cortex (mPFC), orbitofrontal cortex (OFC),
anterior cingulate cortex (ACC), and hippocampus (HIPP). These
regions not only regulate response to stress but also steroid hormone
physiology through the hypothalamic-pituitary-adrenal (HPA)
and -gonadal axes. Primary coactivators of the HPA axis are
proinflammatory cytokines, that is, tumor necrosis factor-alpha
(TNF-α), interleukin (IL)-1β, and IL-6. Receptors for these cy-
tokines are located contiguously with glucocorticoid and gonadal
hormone receptors in brain regions that regulate stress response
circuitry and are densest in the paraventricular nucleus (PVN) of
the HYPO and HIPP.
Thus, the HPA axis is a critical junction for immune factors

and steroid hormones, and as a result, the regulation of stress re-
sponses (2, 4, 6–8, 10, 12). The release of maternal immune mole-
cules (e.g., TNF-α, IL-1β and IL-6) (4, 5, 13, 14) and glucocorticoids
(13, 15, 16) can impact fetal development by stimulating placental
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production of corticotropin-releasing hormone (CRH) and
thereby impact HPA-axis function in the fetus (17). The release
of glucocorticoids (i.e., cortisol) has inhibitory effects on cyto-
kine release of TNF-α, IL-1β, and IL-6, with TNF-α being most
sensitive to this negative feedback loop (18). This chain of events
is thought to have long-term consequences for the offspring’s
brain health. Preclinical studies have shown neurologic changes
in offspring induced by maternal immune activation that mani-
fest as behavioral deficits in spatial learning and memory (14, 19,
20), increased anxiety and depressive behaviors (21), neuro-
biologic dysregulation, including hypomyelination and reduced
neurogenesis (22, 23), and biochemical dysfunction expressed as
decreases in serotonin (24) and alterations in dopaminergic
markers (25). Sex differences in offspring outcomes depended on
timing of the adverse prenatal maternal immune exposure. Earlier
in utero, adverse exposures had greater impact on male offspring
and later in utero and postnatal exposure on female offspring (26,
27). Further evidence for this comes from clinical studies of the
effects of maternal prenatal immune compromise on offspring risk
for sex differences in psychiatric and neurodevelopmental out-
comes, for example, from ours (5, 8, 28, 29) and others’ (6, 19, 30).
Despite evidence from preclinical and human studies that

maternal immune activity is associated with sex differences in
stress-mediated conditions in offspring, it remains to be shown
how brain circuitry in adults is impacted by prior exposure to
maternal immune activity in utero and the extent to which this
impact is sex dependent. Here, we had the unique opportunity to
investigate this in the context of a pregnancy cohort with follow-
up of offspring in middle adulthood. We investigated whether
concentrations of in utero proinflammatory cytokines in mater-
nal sera (drawn at the start of the third trimester) are associated
with sex differences in activity in specific brain regions that regu-
late stress and immune function 45 y later. We predicted that
adverse concentrations of proinflammatory cytokines would be
associated with hyperactivity in stress-arousal regions (in par-
ticular, HYPO) and hypoactivity in inhibitory regions of the
stress response (in particular, HIPP), assessed by functional MRI

(fMRI). Our rationale was, in part, based on the fact that HIPP
has a negative feedback role on HYPO, specifically PVN, and
PVN and HIPP are brain regions most dense with receptors for
TNF-α, IL-1β, and IL-6 (31, 32).

Results
The sample came from a previous study of offspring followed
from prenatal development through their mid-40s, in which we
found sex differences in brain activity and connectivity in re-
sponse to negative stressful stimuli in midlife, with women af-
fected more severely, regardless of diagnosis (33, 34). Here, we
extended these findings and tested in the same sample whether
adverse in utero maternal immune levels were associated with
these sex differences in brain activity and connectivity. A total of
80 offspring ages 40 to 50 (equally divided by sex and comparable
within sex for age) from whom we obtained prenatal sera were
included in the sample, which consisted of healthy controls and
people with major depressive disorder and psychoses. (See Table 1
for a sample description.) They underwent fMRI while viewing
negative and neutral valence images adapted from the Interna-
tional Affective Picture System (IAPS; refs. 35–37). Studies from
our laboratory and many others have shown that briefly viewing
negative images from the IAPS database reliably induces a cortisol
response [that physiologically defines a “stress task” (5)], affects
subjective feelings of stress and mood, and activates stress re-
sponse circuitry in the brain (35, 36, 38–42). We analyzed levels
of maternal prenatal cytokines at the beginning of the third
trimester for IL-6, IL-1β, and TNF-α, and of IL-10 (an anti-
inflammatory cytokine used to derive estimates of pro- to anti-
inflammatory cytokine imbalance for those cytokines that were
significantly associated with brain activity). The sample was
enriched for mothers with obstetric complications associated
with maternal in utero immune responses (e.g., preeclampsia,
infections; see Table 1), in order to ensure variability with regard
to maternal cytokine levels during gestation. This was validated
in the sample, in particular for preeclampsia with IL-6 exposure

Table 1. Demographic and clinical characteristics of a sample of n = 80 men and women
assessed at ages 40 to 50

Women (n = 40)
mean (SD)

Men (n = 40)
mean (SD)

Age (in years) 45.9 (2.3) 45.8 (2.6)
BMI 29 (6.78) 29.3 (5.5)
Education

% without completed high school (n) 5.5% (2) 15.8% (6)
% completed high school (n) 11.1% (4) 15.8% (6)
% more than high school (n) 83.3% (30) 68.4% (26)

Ethnicity
% Caucasian (n) 87.5% (35) 89.5% (34)
% Other (n) 12.5% (5) 10.5% (4)

DSM-based diagnosis
% major depressive disorder (MDD) in remission (n) 35% (14) 27.5% (11)
% psychosis in remission (n) 17.5% (7) 22.5% (9)

Psychotropic medication
% on psychotropic medication (n) 25% (10) 27.5% (11)

OC during pregnancy
Preeclampsia 15.4% (6) 15.4% (6)
Fetal growth restriction 33.3% (13) 31.7% (13)
Infectious disease 27.8% (10) 23.1% (9)
Fever during pregnancy 18.9% (7) 10% (4)
Gestational week of blood draw 28.8(±3.9) 29.9 (±6.2)

BMI, body mass index; OC, obstetric complication. Note that there were only 39 mothers of females due to a
sibling pair in our dataset. Comparison by group status was evaluated using nonparametric Wilcoxon rank-sum
or χ2 test for continuous and categorical data, respectively. There were no significant differences between men
and women on any demographic or clinical characteristics.
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(top tertile versus others: OR = 9.00 and P = 0.002) and infections
with TNF-α (top tertile versus others: OR = 5.25 and P = 0.03).
Brain activity during fMRI scanning (measured as blood oxy-

gen level–dependent [BOLD] signal changes) and functional
connectivity in stress circuitry regions in response to negative
compared to neutral images were examined as a function of ma-
ternal prenatal cytokine levels (i.e., TNF-α, IL-1β, and IL6 and
ratios with IL-10) using general linear models (GLM), controlled
for multiple comparisons. (See Materials and Methods for details.)
Significant main effects and interactions with sex were identified
and effect sizes reported, controlling for psychiatric diagnosis which
did not have a significant association with the study outcomes.

Prenatal Maternal Cytokine Exposure by Offspring Sex. Table 2
shows the non-log-transformed median levels of prenatal ma-
ternal cytokines by sex of offspring. Using Wilcoxon rank-sum to
test for sex of offspring differences, concentrations of IL-6 and
IL-10 (but not TNF-α and TNF-α:IL-10) were significantly dif-
ferent between mothers of male versus female offspring (Wilcoxon
rank-sum test: IL-6 M > F, P = 0.03) and IL-10 (M > F, P = 0.01).

BOLD Responses. Next, we tested the impact of maternal cytokine
concentrations on offspring brain activity in HYPO and HIPP.
Analyses of BOLD responses to negative (versus neutral) af-
fective stimuli were restricted to HYPO and HIPP based on our
prior hypotheses, primary findings in refs. 33 and 34, and to limit
the number of comparisons. To assess the individual and joint
associations of the four prenatal cytokines (IL-6, TNF-α, IL-1β,
and IL-10) with BOLD responses in the HYPO and HIPP to-
gether, we performed multivariate protected F-tests using Wilks’
lambda (43) to determine overall significance. Sex-specific mul-
tivariate analyses demonstrated that IL-6, TNF-α, and IL-10
levels (but not IL-1β) were jointly associated with BOLD activity
in HYPO and HIPP (Wilks’ lambda = 0.51, F[12, 77] = 1.87, and
P = 0.05), particularly in women. This allowed for analyses of
individual cytokines on HYPO and HIPP, adjusted for multiple
comparisons, that insured lack of spuriousness.
Results of specific cytokines showed concentrations of TNF-α

and IL-6 in maternal sera were significantly associated with brain
activity in HYPO and HIPP in adult offspring. Further, the ratio
of maternal IL-10 with TNF-α (but not with IL-6) was significantly
associated with HYPO and HIPP activity. Lower concentration of
TNF-α was significantly associated with higher mean percent–
signal change in HYPO (β = −0.07, SD = 0.27, effect size = 0.26,
F (1,79) = 5.17, and P = 0.03; Fig. 1), independent of sex
(F (1,76) = 0.85 and P = 0.36). However, the ratio TNF-α:IL-10
had a significant interaction with sex on BOLD response in HIPP
(F (1,79) = 10.97 and P = 0.001; Fig. 2). Post hoc analyses revealed
that higher ratios of prenatal TNF-α:IL-10 were associated with
lower mean percent–signal change in the left HIPP of women
(β = −0.03, SD = 0.27, effect size = −0.11, F (1,39) = 6.69, and
P = 0.01) but higher in the left HIPP of men (β = 0.03, SD =
0.09, effect size = 0.33, F (1,39) = 4.54, and P = 0.04). IL-6 also
had a significant interaction of sex on HIPP (F (1,79) = 5.93 and
P = 0.02). Higher prenatal exposure to IL-6 was associated with
lower mean percent–signal change in the right HIPP of women
(β = −0.03, SE = 0.09, effect size = −0.33, F (1,39) = 5.81, and

P = 0.02) but not men (β = 0.006, SD = 0.07, effect size= 0.09,
F (1,39) = 0.59, and P = 0.45). No results changed when controlling
for diagnosis, but three-way interactions were underpowered.
Thus, findings demonstrated that adverse levels of the in utero
proinflammatory cytokines, TNF-α and IL-6, and the balance of
the pro- to anti-inflammatory cytokine TNF-α:IL-10, impacted
the development of two primary regions of the stress response
circuitry (HYPO and HIPP) in a sexually dimorphic manner in
the offspring that persisted across the lifespan.

Task-Related Connectivity Analyses. Connectivity analyses using
HYPO and HIPP as seeds revealed significant effects of TNF-α
and sex on connectivity between HYPO and left ACC (z = 3.8,
family-wise error [FWE] corrected for multiple comparisons, P =
0.02; cluster of 91 voxels with peak at x = −9, y = 38, and z = 22;
Fig. 3) and TNF-α:IL-10 ratio and sex on connectivity between
HYPO and right HIPP (z = 3.99, FWE corrected, P = 0.003;
cluster of 12 voxels with peak at x = 30, y = −37, and z = −2;
Fig. 4). Post hoc analyses showed that lower prenatal TNF-α ex-
posure was associated with lower connectivity between HYPO and
left ACC in men (t (39) = 3.49, P = 0.001, and R2 = 0.24) but not
in women (t (35) = −1.05 and P = 0.30). Furthermore, higher
prenatal TNF-α:IL-10 exposure was associated with higher con-
nectivity between the HYPO and right HIPP in women (t (38) =
3.24, P = 0.003, and R2 = 0.23) but lower connectivity between the
HYPO and right HIPP in men (t (39) = −3.38, P = 0.002, and
R2 = 0.23).
These results remained significant, adjusted for diagnosis, and

demonstrated mild-to-moderate effect sizes in tandem with the
BOLD responses of the long-term impact of in utero adverse
maternal immune perturbations on two critical brain regions in
the offspring that regulate response to negative stressful stimuli.
Summary of overall findings and effects sizes are illustrated in
Fig. 5.

Discussion
This study investigated the impact of in utero maternal immune
activity on sex differences in the adult offspring’s brain circuitry
that regulates response to negative stress. Brain regions of in-
terest (HYPO, HIPP, and their connections) are key regulators
of the stress response, highly sexually dimorphic, and the densest
regions in the brain with cytokines TNF-α and IL-6. The timing

Table 2. Median levels of cytokines in maternal prenatal sera by sex of offspring

Offspring sex
IL-1β median
(25%;75%)

IL-6 median
(25%; 75%)

TNF-α median
(25%; 75%)

IL-10 median
(25%; 75%)

TNF-α:IL-10 median
(25%; 75%)

Males 1.04 (0.2; 8.64) 1.49 (0.45; 14.05) 3.4 (2.36; 4.48) 2.38 (1.21; 5.25) 1.27 (0.77; 2.75)
Females 0.77 (0.2; 2.87) 0.67 (0.31; 1.7) 3.1 (1.99; 3.9) 1.39 (0.79; 2.36) 1.84 (0.81; 3.19)

Wilcoxon rank-sum tests were conducted to compare maternal cytokine levels by sex of offspring. Results showed significant differences only in levels of IL-
6 (M > F, P = 0.03) and IL-10 (M > F, P = 0.01).

Fig. 1. Prenatal exposure to lower levels of TNF-α predicted increased BOLD
signal in the HYPO in all subjects, independent of sex and diagnosis.
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of exposure (beginning of the third trimester) was critical for identi-
fying a sex effect, given that this is a key period of the organizational
effects of gonadal hormones on sexual differentiation of the
brain that persist across the lifespan, demonstrated in preclinical
studies (2, 4, 11, 12, 27, 44). Our findings suggest that disrupting
this healthy sexual differentiation of the HYPO and HIPP may
result in sex differences in lifelong hypersensitivity to negative
stressful stimuli in the offspring.
Using a negative stress paradigm shown to induce HPA acti-

vation (33, 36, 45), results showed that lower levels of maternal
TNF-α were associated with higher hypothalamic activity in response
to negative stimuli in both male and female offspring. Sex differences
in the impact of TNF-α emerged when maternal prenatal TNF-α
concentration was examined in relation to the anti-inflammatory in-
put of IL-10. The release of TNF-α (proinflammatory) can be offset
by an increase in anti-inflammatory cytokines, like IL-10. If the
ratio of TNF-α:IL-10 is high, it is indicative of immune imbalance
and an inadequate anti-inflammatory response. Results showed that
higher maternal TNF-α:IL-10 was associated with sex-dependent
differences in hippocampal activation and connectivity between
HIPP and HYPO. The HIPP provides negative feedback to the
HYPO in response to negative stressful stimuli, enabling the HPA
axis to inhibit CRH release and regulate arousal due to stress. Thus,
findings suggest that adverse in utero immune exposures negatively
impacted brain regions that regulate arousal due to negative
stressful stimuli in a sex-dependent manner.
With higher TNF-α:IL-10 exposure, men had lower connec-

tivity between HYPO and HIPP and thus less ability to inhibit
higher activity of the HYPO by the HIPP. This may have re-
quired greater inhibitory control by the ACC, a connectivity re-
sult found only in the men and not women. In contrast, women
exposed to higher TNF-α:IL-10 exhibited higher connectivity
between HIPP and HYPO but lower hippocampal activation and
thus, as in men, less ability to down-regulate hypothalamic
arousal and potentially CRH release. This is consistent with our
previous fMRI study in the original cohort, wherein we demon-
strated in response to a negative stress challenge, hypercortisolemia
was associated with activation in the HYPO and lower connectivity
with the HIPP and cortical inhibitory regions, particularly in women
(33, 34). It is also consistent with preclinical studies of prenatal
administration of lipopolysaccharide demonstrating adverse micro-
glial and neuronal impacts on offspring hippocampal and cortical
structure and function that were sex dependent (46, 47).
Taken together, the results in men and women suggested that

prenatal exposure to an imbalance of maternal immune activity
at a key period of sex-sensitive brain development resulted in less
ability to regulate response to negative stress, neural outcomes
that were retained 45 y later, independent of diagnosis. However,
the pattern of dysregulation manifested differently in male and

female offspring due, in part, to differential maternal in utero
anti-inflammatory responses.
During pregnancy, there are high levels of estradiol, especially

when the fetus is female, which can affect neuroimmune balance.
Consistent with this, high-dose estradiol treatment of female
mice was found to reduce proinflammatory cytokines, including
TNF-α, and shift the immune system balance toward an anti-
inflammatory state (48). Thus, in the context of high estradiol
during pregnancy, a maternal TNF-α deficit combined with a
higher anti-inflammatory response (e.g., increased levels of IL-10)
may have different consequences for male and female fetuses. The
TNF-α:IL-10 ratio is typically lower at midgestation, in order to
maintain a tolerogenic state that protects against fetal rejection. In
our study, a greater T helper type 2 (Th2) bias (IL-10), relative to
the strength of the proinflammatory T helper type 1 (Th1) cyto-
kine, TNF-α, was more important than the absolute level of the
individual Th2 cytokine (such as IL-10).
We also found lower adverse maternal levels of TNF-α alone

had a negative impact on the offspring HYPO, stronger for
women. Lower TNF-α was likely associated with co-occurring
cortisol released by the adrenal gland in response to HPA-axis
activation due to the stress challenge that inhibits TNF-α, cre-
ating a negative feedback loop. TNF-α is the HPA coactivator
most sensitive to glucocorticoid inhibition (18). Although pre-
natal cortisol was not assessed in the study presented here, we
would argue, and will test in future studies, that lower prenatal
maternal TNF-α levels were associated with higher prenatal
maternal cortisol in response to the negative stress stimuli. This
is consistent with a previous study demonstrating that higher
prenatal maternal cortisol was associated with lower prenatal
TNF-α in mothers with depression (49). The argument is also
consistent with our preclinical work demonstrating sex-dependent
effects of excess maternal prenatal glucocorticoids on develop-
ment of the HIPP and HYPO and mood-related behaviors, par-
ticularly in females, at a time of exposure analogous to the timing
of the TNF-α exposure assessed here (11, 12, 16, 50, 51). Thus, the
impact of maternal in utero glucocorticoid levels in tandem with in
utero immune perturbations needs further investigation regarding
sex effects on brain circuitry regulating the stress response.
In contrast, higher levels of maternal IL-6 were associated with

hypoactivity in the left HIPP, particularly in women, again sug-
gesting less hippocampal ability to inhibit arousal (negative
feedback) in the PVN of the HYPO, the key relay station for
HPA-axis function. IL-6 is the HPA coactivator least sensitive to
the inhibitory effects of glucocorticoids and has previously been
implicated in preclinical studies of prenatal lipopolysaccharide
challenges on offspring brain and memory (18, 52, 53). Thus,
higher levels (rather than lower levels) of IL-6 producing dele-
terious effects was not surprising.
The validity of these findings is underscored, given that third

trimester levels of IL-6 in mothers of male fetuses were signifi-
cantly higher than in mothers of female fetuses, but the adverse
impact at this gestational period was greater for female offspring.
This is consistent with preclinical studies of sex differences
in microglia and mast cells suggesting that adverse prenatal

Fig. 3. Functional connectivity between the HYPO and the left ACC in-
creased as a function of prenatal exposure to TNF-α in male, but not female,
offspring.

Fig. 2. Prenatal exposure to increased ratios of TNF-α to IL-10 predicted
response in the left HIPP with sex-dependent effects. Increased TNF-α:IL-10
predicted decreased left HIPP-BOLD response in female offspring but in-
creased left HIPP-BOLD response in male offspring.
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immune exposures would have greater effects on female fetuses
later in gestation/early postnatal and greater effects on male
fetuses with early exposure (25–27, 46, 54–56). Thus, we posited
that timed adverse–prenatal immune exposures played a key role
in shifting the typical sex bias of the fetal brain by disrupting
developmentally sensitive neuroimmune interactions (including
microglia, mast cells, and neurons) in vulnerable brain regions
such as the HYPO and HIPP.
Limitations of this study include the lack of statistical power

given the sample size to investigate all brain regions in the stress
response circuitry and a larger panel of maternal immune markers.
Furthermore, as mentioned, immune activity is coordinated with
adrenal hormone activity, and understanding their joint or specific
effects on offspring brain development is warranted given findings
from previous preclinical and clinical studies (16, 57–61). Finally,
further work is needed to investigate whether there is any diag-
nostic specificity given that there was a lack of power to test for
three-way interactions with sex. The strengths of this study out-
weigh these limitations. The sample is wholly unique in that they
have been followed from prenatal development for 45 y to assess
brain activity and physiology associated with prenatal maternal
serologic exposures. Furthermore, we included potential con-
founds, stringent controls for multiple comparisons, quality
controls for our assessments, and state-of-the-art brain imaging
technology.
Findings here suggest a mechanism implicating prenatal stress-

immune models of offspring brain development and adult out-
comes. Prenatal exposures, either exogenous or endogenous, can
result in an adverse maternal inflammatory response, which can
produce long-lasting effects on the offspring’s development of
specific brain regions involved in the regulation of stress (44). Our
findings implicate pregnancy complications, such as preeclampsia
and infectious diseases, as potential exogenous prenatal exposures
influencing maternal immune responses, although this requires
additional investigation. Furthermore, when prenatal exposures
occur during critical periods of brain sexual differentiation, the
impact will differ by sex in highly sexually dimorphic brain regions
including the HYPO and HIPP (2, 5, 7). Numerous preclinical
studies (16, 57–61) of dexamethasone and immune prenatal
challenges demonstrated lasting consequences on offspring brain
and behavior, including specifically, on the HYPO and HIPP.
The study presented here offered a rare opportunity in clinical

research to test the impact of in utero immune exposures on
offspring neural outcomes retained over 45 y. The mechanisms
explaining what is transmitted from mother to offspring to pro-
duce brain and associated physiology abnormalities in the off-
spring needs further work in preclinical studies, which we and
others are conducting. Here, we suggest that the prenatal immune
impact on offspring brain development may set the stage for
producing a hypersensitivity to negative stressful events through-
out life, a sex-dependent effect that is quantitative and may con-
tribute to understanding sex differences in disease.

Materials and Methods
Participants. The study included 80 New England Family Study participants
(equally divided by sex and comparable within sex for age) for whom we had
data on maternal cytokine concentrations (33). Half the participants had one
of three psychiatric diagnoses: major depressive disorder (14 women and 11
men), bipolar disorder (6 women and 3 men), or schizophrenia (1 woman
and 6 men), and half had no psychiatric diagnosis. All participants provided
written, informed consent and were compensated for their participation.
The full study was approved by the Institutional Review Boards of Harvard
University, Brown University, and Partners Healthcare system.

Participants’ mothers were an average age of 26 y (SD = 6.1, range 18 to
40) when they were enrolled in the Collaborative Perinatal Project (CPP) in
1959 to 1966 (62), had a mean socioeconomic status (SES) of 5.7 (SD = 1.9,
range 1.5 to 9.0), and were 95% White and 5% African American. SES was
calculated as a composite score combining parental education (more than
high school, high school graduate, less than high school), income relative to
the US poverty threshold (>150% of the poverty threshold, 100 to 150% of
the poverty threshold, < the poverty threshold), occupation (nonmanual,
manual, or unemployed), and family structure (both parents at home, single,
or divorced/separated/widowed). The score was 0 to 9 with higher values
indicating greater socioeconomic disadvantage (63). There were no signifi-
cant differences by sex of offspring for any sociodemographic or clinical
characteristics. The sample was enriched for obstetric complications (such as
preeclampsia), known to be associated with maternal immune responses, in
order to ensure variability of the maternal prenatal cytokine levels.

Subjects underwent fMRI scanning during a mild visual stress challenge on
a task we have reliably used for >15 y (33–36, 45). Neutral valence/low
arousal and negative valence/high arousal images were selected based on
ratings from the IAPS, known to reliably invoke stress circuitry (37, 38, 40, 45,
64, 65). Serum cortisol was measured at five timepoints throughout the
task. Using an in-scanner baseline, we found a mean peak percent change in

Fig. 4. Maternal ratio of TNF-α to IL-10 predicted functional connectivity
between the HYPO and right HIPP in a sex-dependent manner. Higher
prenatal TNF-α:IL-10 was associated with increased connectivity between the
HYPO and right HIPP in female offspring but decreased connectivity be-
tween the two regions in male offspring.

Fig. 5. This diagram summarizes the main findings of the paper with pre-
natal immune exposure shown on the left and the effects on stress response
circuitry on the right. Effect sizes for activation results are β/SD and for
connectivity results are R2.
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cortisol levels in response to the task of ∼23%, demonstrating that the task
was indeed a stress reactivity task (5).

Assessment of Maternal Cytokines.Maternal serawere collected approximately
every 2 mo throughout pregnancy and stored at −20 °C at the National In-
stitute of Health (NIH) repository. Previous work using samples stored under
similar conditions and for a similar length of time (>40 y) demonstrated the
long-term stability of analytes from the CPP samples (66). In addition, studies
over several years from our group have demonstrated significant predictive
validity of these prenatal maternal immune markers on multiple offspring
outcomes in childhood and adulthood (8, 28, 29, 66, 67). Since the primary
hypotheses in this study involved sex-dependent risk estimates, we selected
the sample drawn closest to the beginning of the third trimester—a period
consistent with the timing of the sexual differentiation of the brain (12)—and
assessed concentrations of cytokines that are coactivators of HPA circuitry (IL-6,
TNF-α, and IL-1β) and the anti-inflammatory cytokine, IL-10.

Serum levels of cytokines were examined using multiplexed, bead-based
immunoassays (Milliplex human 5-plex cytokine panel filter plates, including
IL-6, TNF-α, IL-1β, IL-10 as well as IL-8; MPXHCYTO-60 K, Millipore) on a
Luminex 3D detection platform (68), as previously described (9, 67, 68). Assay
detection sensitivities (lower limit of quantitation [LLQ]) ranged from 0.1 to
0.4 pg/mL, within the bounds noted by the kit manufacturer. A total of 25
microliters of each serum sample were diluted 1:1 and run with six serial
dilutions (3.2 to 10,000 pg/mL) of cytokine standards, with one high- and
one low-quality control sample and a common human reference sample
(pooled plasma from healthy donors) on each 96-well plate (69). All samples
were run in duplicate and in randomized order across plates. Assays were
completed according to the manufacturers’ protocols, with overnight incu-
bation at 4 °C on a shaker prior to detection of the median fluorescence
intensity (70) of analyte-specific immunoassay beads by Luminex 3D. Raw
data (70) were captured using Luminex xPONENT software (version 4.0.846.0),
and concentrations of immune factors in each sample were interpolated from
standard curves using a five-parameter, weighted, logistic regression curve
equation in Milliplex Analyst (version 3.5.5.0). The intra-assay % coefficient of
variation (CV) and the interassay % CV for the two kit-provided QC controls
(across all plates) were both <10%. Measurements below the LLQ were ex-
cluded (affecting 2.5% of IL-1β values, 1.6% of IL-6 values, 1.5% of TNF-α
values, and 0.3% of IL-10; 0.3% of data points). For measurements at or above
the upper limit of analyte detection, samples were assayed again at multiple
serial dilutions using Assay Buffer to bring concentrations into detectable
range. Samples with both wells affected by low bead counts (<50) were rerun
without dilution. As distributions of the four cytokines were highly skewed,
they were natural log transformed prior to analyses. Reliability and predictive
validity of these assay measurements have been demonstrated over the last
10 y in multiple publications (5, 8, 28, 29).

Acquisition of fMRI Data. fMRI data were acquired on a Siemens Tim Trio 3T
MRI scanner with 12-channel head coil. A total of 180 volumes per run were
acquired using a spin echo, T2*-weighted sequence (repetition time [TR] =
2,000 ms, echo time [TE] = 40 ms, field of view [FOV] = 200 × 200 mm, matrix
64 × 64, in-plane resolution 3.125 mm, slice thickness 5 mm, 23 contiguous
slices aligned to anterior commissure-posterior commissure [AC-PC] plane).
The task consisted of presentation of negative valence/high arousal (e.g.,
snake, car accident, or gun), neutral valence/low arousal (e.g., plant, um-
brella, or mushrooms), and fixation images adapted from the IAPS (35, 36,
40, 65). The task lasted 18 min (three runs, 6 min each). Each run contained
72 images ordered in blocks of fixation, negative, and neutral images,
consisting of 6 images, each presented for 5 s. The mean normative valence
and arousal of the negative valence/high arousal images was 2.19 (SD = 0.48)
and 6.35 (SD = 0.52) and the neutral valence/low arousal images was 4.90
(SD = 0.37) and 2.91 (SD = 0.40), respectively. To ensure attention, partici-
pants pressed a button when each new image appeared.

Analyses of fMRI Data. Data were preprocessed and analyzed using SPM8
(Welcome Trust Centre for Neuroimaging). All BOLD (71) signal-change im-
ages were motion corrected, realigned, and normalized to the MNI152 brain
template in a nonlinear, volume-based method, spatially smoothed with a
6 mm full width at half maximum Gaussian filter and resampled to 3 mm
isotropic. Outliers in global mean image–time series (threshold: 3.5 SDs from
the mean) and movement (threshold: 0.7 mm, measured as scan-to-scan
movement, separately for translation and rotation) were detected using an
artifact detection toolbox (ART) (RRID: SCR_005994, https://www.nitrc.org/
projects/artifact_detect) and entered as nuisance regressors in the first-level,

single-subject GLM. Masks excluding voxels outside the brain were applied
to ensure that voxels in regions with high interparticipant variability in
signal dropout were not arbitrarily excluded. Comparisons of interest
(negative > neutral) from first-level, single-subject analyses were tested us-
ing linear contrasts and SPM t-maps. Outputs from first-level, single-subject
analyses were submitted to second-level random effects analysis.

BOLD Response. One-sample t test examined the BOLD response to nega-
tive > neutral stimuli across the full sample (n = 80), with whole-brain, voxel-
wise FWE-corrected threshold of P < 0.05, providing conservative effects
adjusted for multiple comparisons. Next, an intersection analysis, performed
using MarsBaR, identified clusters with whole-brain, voxel-wise FWE-
corrected P < 0.05 threshold conjointly located within anatomical bound-
aries of HYPO and HIPP. As mentioned, we focused on HYPO and HIPP, re-
gions densest with cytokine receptors, to avoid attenuating effects with
multiple comparisons. Given the small volume and midline location of HYPO,
a single region of interest (ROI) combining right and left hemispheres was
used for this region. HIPP-ROI masks were bilateral. Percent signal-change
values within each ROI were extracted for each participant using REX (72)
and exported into JMP (SAS Institute), which was used for all remaining
BOLD-response analyses. Activity within each ROI was explored as a function
of TNF-α, IL-1β, TNF-α:IL10 ratio, and IL-6 using regression analysis, to identify
main effects and interactions with sex, with significance at P < 0.05 level.

To assess the individual and joint associations of the four prenatal cyto-
kines (IL-6, TNF-α, IL-1β, and IL-10) with BOLD responses in the HYPO and
HIPP together, we performed multivariate protected F-tests using the PROC
REG “mtest” option in SAS 9.4 (SAS Institute). Cytokine levels were evalu-
ated continuously, and right and left HYPO and HIPP BOLD responses were
entered into the models as a set of continuous dependent variables. Al-
though power was insufficient to test multivariate interactions by sex, we
performed sex-stratified analyses in addition to testing associations in the
combined sample of males and females. Wilks’ lambda (43) was used to
determine the significance of the protected test and allowed for further
analyses of individual cytokines. Finally, regression models were rerun with
the inclusion of diagnostic status in the models to explore the potential
impact of diagnosis on these relationships.

Functional Connectivity. Similar to BOLD response analyses above, we assessed
task-related connectivity using generalized psychophysiological interaction
(gPPI; see ref.73). Time courses from HYPO seed ROI were extracted and
added to two additional PPI regressors (interaction of the seed time course
with regressors for negative and neutral content) to individual subject-level
GLMs. Interaction regressors were orthogonal to task and seed regressors,
ensuring that seed ROI activation and PPI connectivity were independent
(73). Connectivity was measured at single-subject level by estimating the
difference between the interaction of the seed time course with the re-
gressor for negative compared with neutral stimuli. Results of single-subject
analysis were entered into second-level random effects analysis to probe
group-level changes in connectivity during negative versus neutral condi-
tions. Mirroring BOLD-response analyses, connectivity was explored as a
function of TNF-α, TNF-α:IL-10 ratio, IL-1β, and IL-6 and then repeated to
detect interactions with sex.

For functional connectivity analyses, we used a small volume correction
(SVC) approach in SPM8, which limits voxel-wise analyses to voxels within a
priori hypothesized ROIs. Target ROIs (PAG, AMYG, HIPP, OFC, ACC, and
mPFC) were defined as anatomical masks and implemented as overlays on
the SPM8 canonical brain. These ROIs were chosen based on several years of
work identifying stress circuitry activated by our fMRI task, most recently in
∼100 subjects which included the sample here (34). False positives were
controlled using conservative FWE correction to control for multiple com-
parisons. Within an anatomical ROI, results identified using SVC (initial
voxel-wise threshold P < 0.05 uncorrected) were reported as significant if
they additionally met the peak-level threshold of P < 0.05, FWE corrected.
Additionally, average connectivity values (beta weights of PPI regressors) in
significant target clusters were extracted using REX (72). Regression models
were rerun with the inclusion of diagnostic status to explore whether there
was one diagnostic category driving the association between maternal
prenatal cytokines, sex, and functional connectivity.

Data Availability. Data used for this study can be obtained through a Data Use
Agreement with the New England Family Study at: https://sites.google.com/a/
brown.edu/nefs/. In addition, all serology analyses results are required to be
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returned and stored at the NIH repository and are accessible for use by other
researchers.
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