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Perinatal SSRI exposure impacts innate fear
circuit activation and behavior in mice
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Before assuming its role in the mature brain, serotonin modulates early brain
development across phylogenetically diverse species. In mice and humans,
early-life SSRI exposure alters the offspring’s brain structure and is associated
with anxiety and depression-related behaviors beginning in puberty. However,
the impact of early-life SSRI exposure on brain circuit function is unknown. To
address this question, we examined how developmental SSRI exposure
changes fear-related brain activation and behavior in mice and humans. SSRI-
exposed mice showed increased defense responses to a predator odor, and
stronger fMRI amygdala and extended fear-circuit activation. Likewise, ado-
lescents exposed to SSRIs in utero exhibited higher anxiety and depression
symptoms than unexposed adolescents and also had greater activation of
the amygdala and other limbic structures when processing fearful faces.
These findings demonstrate that increases in anxiety and fear-related
behaviors as well as brain circuit activation following developmental SSRI
exposure are conserved between mice and humans. These findings have
potential implications for the clinical use of SSRIs during human pregnancy
and for designing interventions that protect fetal brain development.

Maternal anxiety and depression during pregnancy are associated with
adverse offspring outcomes ranging from low birth weight to increased
risk for psychopathology including anxiety and depression'. Affected
mothers are typically prescribed selective serotonin reuptake inhibi-
tors (SSRIs) to address these symptoms. Currently taken by ~6% of
pregnant mothers®, their use during gestation is increasing®. While the

rationale for improving maternal mental health is clear, the impact of
maternal SSRI use on the developing fetus remains understudied.

For the gestating fetus, SSRIs easily cross the placenta and block
fetal serotonin (5-HT) reuptake®. The relative safety of SSRIs on fetal
health has largely been assessed in the early postnatal period’. Only a
few studies have attempted to assess whether in-utero SSRI exposure
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impacts offspring health later in life. While SSRI-exposure in utero may
have few detrimental effects on human offspring at birth and in early
infancy (but see refs. 8-10), some studies report cognitive and beha-
vioral abnormalities in later childhood’". Likewise, several”®™ but not
all*” epidemiological studies find that SSRI use in pregnancy is asso-
ciated with depression and other psychiatric disorders in adolescent
and young adult offspring. The apparently higher rate of offspring
mental health issues as a result of gestational SSRI exposure comports
with what has been reported in rodents™ . However, the confounding
factors complicating human epidemiological studies have cast doubt on
whether similar developmental mechanisms are at play in each species.

The late-emerging effects of developmental SSRI exposure on
human offspring outcomes are in line with rodent studies which sug-
gest that the sequelae only manifest after sexual maturation®. The
peak brain growth (along with peaking axonal and dendritic densities,
monoamine levels, neurogenesis and gliogenesis) in rodents occurs in
the first two postnatal weeks, which translates to the last trimester of
human pregnancy” . Also, in rodents, 5-HT signaling is crucial to fetal
brain development and plays a role in cell proliferation, neuronal dif-
ferentiation, synaptogenesis, and neuronal migration® ", Increases in
5-HT signaling during developmentally sensitive periods lead to
altered structure and function throughout the brain in adult
mice'® 2, 5-HT is highly conserved across evolution®, yet it remains
unclear whether SSRI exposure during early brain development exerts
in humans the same effects seen in rodents. To better bridge between
rodent and human studies, mechanistic insight is needed that func-
tionally links developmental SSRI exposure to altered behavior in both
mice and humans with the hypothesis that such functional changes
should be conserved between species.

To address this hypothesis, we adopted a cross-species approach
that harnesses the controlled experimental conditions of animal stu-
dies, while directly evaluating clinical relationships through a popula-
tion study, within a single study framework. To this end, we exposed
mice to predator odors while awake in an animal MRI machine and
assessed the effect of early-life SSRI exposure on brain circuit activa-
tion and behavior. In parallel, we utilized the Adolescent Brain Cog-
nitive Development Study*® data of children who were subjected to
emotionally laden (fearful) faces during an fMRI task and assessed the
effect of in-utero SSRI exposure on brain circuit activation and beha-
vior. By probing the circuitry of both mouse and human responses to
ethologically relevant cues, we sought to determine whether similar
brain-circuit effects of early SSRI exposure might be conserved across
species. Our results demonstrate that early-life exposure to SSRIs
indeed has conserved effects on innate fear circuit activation and
behavior across phylogeny, suggesting shared mechanisms that will
inform the public health implications of the broad usage of SSRI
medications during pregnancy.

Results

PND2-11 fluoxetine increases innate freezing responses to a
predator odor in adult mice

PND2-11 is a sensitive period in mice during which increased 5-HT
signaling increases conditioned fear responses and anxiety in
adulthood™*. To increase translatability and establish fMRI compat-
ibility, here we studied the effects of PND2-11 fluoxetine (PNFLX) ver-
sus saline (PNSAL) on innate fear responses to a predator odor
(mountain lion urine) (Fig. 1A). On day 1 adult mice were habituated to
an odor-attenuated chamber. During habituation, we found no sig-
nificant differences in freezing behavior when comparing PNSAL to
PNFLX animals (time x treatment interaction F; 5, = 0.4468, p = 0.5108;
time effect F;,,=0.5761, p=0.4559; treatment effect F;,,=0.668,
p = 0.4225) (Fig. 1B). On day 2 mice were again placed into the testing
apparatus and after 2 minutes predator odor was delivered. Two-way
ANOVA analysis of freezing behavior revealed a significant interaction
between treatment and predator odor (F;»,=4.794, p=0.0395), a

significant effect of time (F;,,=46.98, p<0.0001), and a significant
effect of treatment (F; », =7.956, p=0.01) (Fig. 1C). Post-hoc analysis
showed that PNSAL and PNFLX animals both increased freezing in
response to the odor exposure (p=0.0023 PNSAL, and p<0.0001
PNFLX). However, PNFLX animals mounted a significantly higher
freezing response when compared to PNSAL animals (post-odor
PNSAL vs. PNFLX p=0.001). On day 2, PNFLX mice also had a lower
latency to freeze during odor presentation compared to PNSAL ani-
mals (normalized to the latency to freeze on day 1, p=0.032, Fig. 1C).
Using a deep learning algorithm, deeplabcut (DLC) that automates
animal pose estimation (Fig. 1E), we detected a significant main effects
of predator odor on freezing (Fy,,=9.783, p=0.0049, Fig. 1F) and
speed (F; 2, =10.19, p=0.0042, Fig. 1G). Post-hoc analysis showed that
during the predator odor PNFLX animals freeze more than PNSAL
(p=0.0341). Together our data demonstrate that adult PNSAL and
PNFLX mice both mount a behavioral response to predator odor, but
that the response is exacerbated after PND2-11 FLX exposure. A similar
pattern was observed in adolescent PNFLX mice compared to PNSAL
mice (Supplemental Fig. 1). Notably, there was no effect of treatment
on fear responses to a neutral odor (Supplemental Fig. 2).

PND2-11 fluoxetine increases BOLD response to predator odor in
fear circuits

To address which brain regions are contributing to the SSRI-induced
heightened innate fear response in mice we used fMRI to compare
BOLD responses to predator odor in PNFLX mice and PNSAL controls
(Fig. 2A). To elicit fear in awake mice we exposed animals to a predator
odor in a mouse imaging holding system to which they were previously
habituated to reduce motion artifacts*’**, and performed whole-brain
imaging (Fig. 2B). The fMRI scans were registered to and analyzed
using a 3-dimensional MRI mouse atlas with 134 bilateral segmented
and annotated brain areas. Figure 2C and the table in Fig. 2D show the
brain areas with a significant increase in positive BOLD volume of
activation in response to predator urine odor in awake PNFLX mice
compared to PNSAL mice (false discovery rate p =0.0401) in whole-
brain analysis. These areas are ranked in order of their significance and
out of the whole brain (134 areas) 28 brain areas showed significantly
higher BOLD signals in PNFLX animals. Virtually all these areas belong
to the previously described fear neural circuit (e.g., central and medial
amygdala, periaqueductal gray, anterior cingulate cortex), that com-
prise the ascending reticular activating system involved in arousal
(e.g., pedunculopontine tegmental area, medullary reticular area, and
mesencephalic reticular formation), and regions broadly involved in
emotional regulation (e.g., hypothalamus, putamen, and dorsal raphe).
Exemplary fMRI time-courses from the central amygdala, mesence-
phalic reticular formation, and periaqueductal gray demonstrate the
robust kinetics of the BOLD response to the odor exposure without an
effect of treatment prior to odor administration (Supplemental Fig. 3).
Overall, our data demonstrate that PND2-11 fluoxetine treatment leads
to an exacerbated functional response to an innate fear stimulus across
neural circuits involved in fear, arousal, and emotional regulation.

Translation to human adolescent children from the ABCD study
In the rodents, fluoxetine was administered at PND2-11, corre-
sponding to the third trimester in utero in humans”. Because beha-
vioral consequences of prenatal SSRIs have been observed in
adolescence'**°, we leveraged data from the ABCD study to test if
our rodent findings translate to humans (Fig. 3A).

We selected children (Supplemental Table 3 for demographics)
for whom 1) the biological mother was the reporter and had reported
on medication use during pregnancy, 2) who had child behavior
checklist (CBCL) scores at the two year follow-up wave (age 11-13 yo), 3)
and complete covariate data (see “Methods”), resulting in N =97 SSRI
children exposed to SSRIs in utero and N=3876 SSRI" unexposed
children for analyzes without MRI data. Of this sample, N=70 SSRI

Nature Communications | (2025)16:4002


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58785-4

PND 2-11 PND 105
Fluoxetine 10 mg/kg Innate fear behavior
or Saline IP injections Day 1: habituation (5 min) 7 I

early (min 1-2) | |
late (min 3-5) \ J

% Day 1: predator test (5 min) _
. context (min 1-2) “ T \‘
b predator (min 3-5) | 73

B S C
Habituation Predator odor manual Predator odor manual
* %k *
30+ 30- o 2 30-
— Interaction 0.0395 o o
—_ £ 254 Time <0.0001 00g °
L) £ Treatment 0.0100 N~
@ 20- & 20- ° 0 2 50
£ s 20 . s 20 0o
R ~
£ 0 ° o
2 s O « 58
o g 0o R 2o —aa. 0
o 104 ‘N 10+ o 2 °\° 104
Lt g o S = —p— o
° = 5 b 1o =]
° w 36‘ 5 o %o0
(] o 0 o oOC Og o 0 000
PNSAL PNFLX PNSAL PNFLX PNSAL PNFLX PNSAL PNFLX PNSAL PNFLX
early early late late context context Pred Pred
E F G
Predator odor DLC Predator odor DLC
6 - * 150 *%
€ o —
g 4.8+ _
@ o 2100 o
@ 3.6- g 0l T
D244 © ° fob
c < I
= o 50
] o
2 1.2 «®
w
0 0

Fig. 1| Postnatal fluoxetine (PND2-11) increases freezing to a predator.

A Timeline of the adult mouse behavioral study. Created in BioRender. Zanni, G.
(2025) https://BioRender.com/m34p441. B Manual freezing score during habitua-
tion early and late phases. C Manual freezing score during context re-exposure and
during predator odor. D Latency to freeze expressed as percent change of habi-
tuation freezing latency. E Labeling of different animal body parts: nose (purple),
tail base (orange), right ear (electric blue), left ear (cyan), right hip (blue), left hip

PNSAL PNFLX PNSAL PNFLX
context context Pred

PNSAL PNFLX PNSAL PNFLX

Pred context context Pred Pred

(light blue), mid back (yellow). Top picture shows animals exploring and the bot-
tom picture shows an animal freezing. F Deeplab Cut freezing score during context
re-exposure and during predator odor. G Deeplab Cut speed scoring during con-
text re-exposure and during predator odor. Data are presented as mean values +/-
SEM. Statistical tests used: ANOVA and Fisher’s LSD posthoc. PNSAL N =13, PNFLX
N=1L *p < 0.05; **p < 0.01; **p < 0.001. Source data are provided as a Source
Data file.

children exposed to SSRIs in utero and N=2989 SSRI'" unexposed
children had MRI data available and were used for the analyzes con-
taining MRI. All analyzes used propensity score weighting as well as
covariates, including maternal lifetime depression and current
maternal anxiety and depressive symptoms, to mitigate potential
confounding factors between (children of) mothers who were treated
with SSRIs and those who were not (see “Methods”).

We first found that in utero SSRI exposure was associated with
increased anxiety (b=0.79, prpr=2.06%x107"% pyonr=2.06x1075;
standardized betas denote the predicted amount of standard devia-
tions the outcome changes with SSRI exposure), depressive sympto-
matology (b=0.43, prpr =2.26 X107, Pponr= 6.77 X 107), internalizing
(b=0.48, prpr=7.86%x107"°, pponr=157%107°), and externalizing

(b=0.24, prpr = 0.002, pponr=0.007) behavior at age 11-13 (Fig. 3B).
As expected from extensive literature showing that maternal depres-
sion increases risk for psychiatric disorders in the offspring**,
maternal lifetime depression as a covariate in the same model was also
significant, but with smaller effect sizes as indicated by the betas, for
anxiety (b=0.13, prppr=0.006, Pponr=0.018), depressive symptoms
(b=0.15, prpr =143 X107, pponr=2.86 x107%), internalizing (b= 0.18,
Pror=1.89 X107, Ppponr=1.89x107) and externalizing (b=0.08,
Pror = 0.055, ppons= 0.22) behavior. Within the same sample, a model
with maternal lifetime depression as the predictor and without pre-
natal SSRI use or maternal anxiety and depressive symptoms at time of
child assessment as covariates, also resulted in significant associations
with child anxiety (b=0.33, prpr=8.44 %107, pponr=2.53x1073),
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Vehicle Fluoxetine
Brain Area Med Max Min Med Max Min Pval
lateral dorsal thalamic area 0 4 0 < 3 17 0 0.001
cuneate area 0 4 0 < 0 0 0 0.003
pedunculopontine tegmental area 1 14 0 < 5 26 0 0.006
anterior hypothalamic area 0 33 0 < 4 46 0 0.008
anterior pretectal thalamic area 1 6 0 < 3 17 0 0.011
lateral caudal hypothalamic area 0 16 0 < 4 28 0 0.015
medial amygdaloid area 0 22 0 < 7 39 0 0.015
medullary reticular dorsal area 2 12 0 < 4 23 0 0.021
caudate putamen 7 268 0 < 31 286 0 0.021
mesencephalic reticular formation 7 73 0 < 19 134 0 0.022
2nd cerebellar lobule 0 39 0 < 5 41 0 0.025
posterior thalamic area 0 9 0 < 4 18 0 0.026
periaqueductal gray 4 82 0 < 18 96 0 0.026
optic tract 0 4 0 < 1 5 0 0.029
vestibular area 1 50 0 < 10 57 0 0.030
ambiguus area 1 7 0 < 2 9 0 0.034
central amygdaloid area 0 24 0 < 2 39 0 0.034
substantia nigra 0 28 0 < 4 31 0 0.034
anterior cingulate area 4 18 0 < 10 48 0 0.035
lateral posterior thalamic area 0 6 0 < 3 16 0 0.039
solitary tract area 2 37 0 < 7 36 0 0.040
4th cerebellar lobule 0 16 0 < 5 22 0 0.042
internal capsule 1 15 0 < 4 26 0 0.043
central medial thalamic area 0 8 0 < 0 9 0 0.046
habenular area 0 2 0 < 0 4 0 0.047
superior colliculus 9 111 0 < 40 197 0 0.047
dorsal raphe 0 10 0 < 2 11 0 0.049
fornix 0 2 0 < 0 1 0 0.049

Fig. 2 | Postnatal fluoxetine (PND2-11) increases innate fear circuit activation.
A Timeline of the adult mouse fMRI study. Created in BioRender. Zanni, G. (2025)
https://BioRender.com/s15z123. B Shown are the different components of the
mouse imaging system. Below are sagittal and axial views of an awake mouse brain.
Note the linearity along the Z-axis. The axial images taken from a 22-slice RARE
sequence (0.6 mm thickness) demonstrate complete brain coverage from the
olfactory bulbs to the brainstem. C Statistical map displaying relative positive BOLD

periaqueductal g
red for change in

signal in response to predator urine odor in awake PNFLX compared to PNSAL
mice. PNSAL N =18, PNFLX N =26. D List of significant brain areas, such as thala-
mus, putamen, brainstem and cerebellum, central amygdala, substantia nigra,

ray, raphe, and habenula ranked in order of their significance in
positive BOLD volume of activation (number of voxels) in PNFLX

compared to PNSAL (false discovery rate p = 0.0401). Statistical test used: Wilcox
rank sum test corrected for multiple (134) comparisons.
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depressive symptoms (b = 0.38, pgpr =543 X 1077, ppons=1.09 x107%), To test brain activity associated with an innate fear response, we
internalizing (b=0.40, pPrpr=5.79 %1072, Pponr=5.79x102) and compared BOLD response to fearful versus neutral faces in SSRI*
externalizing (b=0.25, pgpr =5.01 X107, pponr=2.01x107%) behavior  versus SSRI children. Initially, in a hypothesis driven approach, we a
(Fig. 3B), again showing maternal depression is associated with child priori selected seven regions of interest that have been associated
outcomes but to a lesser degree than SSRI use according to the stan-  with fear circuit activation****, and which we found to have enhanced
dardized coefficients. activation in SSRI-exposed mice during innate fear (Fig. 2: amygdala,

Nature Communications | (2025)16:4002


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-58785-4

Fig. 3 | Effects of in utero SSRI exposure in human adolescents. A The experi-
mental timeline. At baseline mothers reported on their pregnancy and demo-
graphics. Children underwent an MRI scan approximately two years post-baseline,
and mothers filled out the Child Behavioral Checklist (CBCL) to assess symptoms at
that time and one year post-MRI. Created in BioRender. Zanni, G. (2025) https://
BioRender.com/e26b462. B Left. In utero SSRI exposure is associated with
increased CBCL symptoms, accounting for maternal lifetime depression and
maternal anxiety and depressive symptoms. N =97 SSRI’, N = 3876 SSRI. Right.
Maternal lifetime depression is also associated with increased offspring symptoms.
CLeft. In utero SSRI exposure is associated with increased amygdala, hippocampus,
insula, putamen and thalamus activation to fearful-neutral faces, depicted as

change in standard deviation of the BOLD response accounting for maternal life-
time depression and maternal anxiety and depressive symptoms. Right. Exposure
to maternal lifetime depression does not result in significant differences in BOLD
response to fearful-neutral faces. D Same analysis as (C) depicted as predicted
means by group. N=70 SSRI", N =2989 SSRI". Left. /n utero SSRI exposure is asso-
ciated with increased BOLD activation to fearful-neutral faces. Right. Exposure to
maternal lifetime depression does not result in differential BOLD response. Linear
mixed effects models with propensity score weighting, 2-tailed, FDR-corrected.
Error bars signify 95% confidence intervals. Precise p-values are reported in the
main text. *p < 0.05; **p < 0.005.

Table 1| Left and right amygdala activity in response to fearful vs neutral faces predicts concurrent and future depressive

symptomatology
Predictor Outcome At time of MRI 1 year post MRI
St. Beta Pror PgonF St. Beta Pror Psone

Left Amygdala Anxiety symptoms 0.12 2.78x107 8.33x107 -0.01 0.69 1
Depressive symptoms 0N 1.86x10® 3.71x10°® 0.05 0.024 0.049
Internalizing Symptoms 0.06 3.98x10™ 1.99x107 -0.004 0.79 1
Externalizing Symptoms 0.004 0.83 1 -0.01 0.63 1

Right Amygdala Anxiety symptoms 0.07 1.22x107° 7.34x107° 0.01 0.63 1
Depressive symptoms 0.12 1.86x108 2.54x10°® 0.08 1.87x10™ 1.87x10™
Internalizing Symptoms 0.08 7.97x107 3.19x10® 0.02 0.63 1
Externalizing Symptoms -0.02 0.41 1

rostral and caudal ACC, cuneus, thalamus, caudate and putamen) as
well as two regions that were affected in previous rodent or infant
developmental SSRI studies (hippocampus and insula)*>™*’. Similar to
our findings in mice, SSRI* children had increased response to fearful-
neutral faces in the bilateral amygdala (left: b= 0.76, prpr =2.6 x 107,
Pbonf=2.6 X10™; right: b=0.51, prpr=2.07 X107, pponr=4.14 x1075;
Fig. 3C, D), bilateral hippocampus (left: b=0.45, prpr =3.60 x107°,
Pbonf=1.08 x1075; right: b =0.33, prpr = 2.82 X 10™*, pponr=1.69 x 1073,
bilateral insula (left: b=0.41, prpr=3.20%107, pPponr=1.28 x107%;
right: b=0.29, prpr=0.003, pponr=0.021), bilateral putamen (left:
b=0.38, prpr=7.02%107, Ppponr=3.51x10"% right: b=0.25,
Pror = 0.014, pponr=0.121) and left thalamus (b=0.26, prpr =0.012,
Poonf=0.095), but not in ACC, caudate, or cuneus. These findings,
except for left thalamus and right putamen, remained significant
when accounting for concurrent child CBCL scores (Supplemental
Table 4). In an unbiased whole brain analysis, BOLD response
to fearful-neutral faces, was again significantly stronger in the
amygdala, hippocampus, putamen, and insula after in utero SSRI
exposure (Supplemental Table 5). Additionally, the whole brain
analysis also revealed increased activation in temporal
regions, ventral diencephalon, and brain stem. The latter two may
match our rodent findings of increased activity in the hypothalamus
and substantia nigra (ventral diencephalon), and periaqueductal
gray (brain stem), but differences in brain atlas resolution between
mouse and human do not allow us to conclude this matching
unequivocally.

Maternal lifetime depression was controlled for as a covariate
in these models and was significantly associated with bilateral
cuneus and thalamus BOLD responses. However, after FDR correc-
tion for multiple comparisons maternal lifetime depression did not
remain significantly associated with BOLD response in any region. In
a model without covariates for prenatal SSRI exposure and maternal
anxiety and depressive symptoms at time of MRI, maternal lifetime
depression was not significantly associated with BOLD response to
fearful-neutral faces in any region after FDR correction (Fig. 3C,D
and Supplemental Table 6). To further isolate SSRI effects from
maternal depression effects, we tested whether prenatal SSRI use
was also associated with differential BOLD response within the

subset of children of mothers who reported having a lifetime history
of depression (N=45 SSRI" children of mothers with lifetime
depression and N=670 SSRI' children of mothers with lifetime
depression). In children of mothers with lifetime depression, pre-
natal SSRI use remained associated with amygdala response (left:
b =0.74, prpr = 8.81x10°®, ppon¢ = 8.81x10°%; right: b= 0.30, p = 0.047,
pror=0.28) and marginally left hippocampal response (left:
b=0.32, p=0.008, pepr =0.076). A last sensitivity analysis com-
paring three groups: 1) children exposed to SSRI in utero, 2) chil-
dren exposed to maternal lifetime depression who did not take
SSRIs during pregnancy, 3) non-exposed children also shows that
the SSRI-exposed group had increased BOLD response (Supple-
mental Table 7), again suggesting specificity of the SSRI exposure
effects.

When including interactions with sex into the models to investi-
gate sex differences, we find that increased symptoms and BOLD
response to fearful stimuli are predominantly present in SSRI-exposed
girls (Supplemental Results and Table S8-12).

Lastly, controlling for prenatal SSRI use and maternal lifetime
depression as well as the other covariates, bilateral amygdala
response was associated with child anxiety, depressive symptoma-
tology and internalizing, but not externalizing behavior at time of
MRI (Table 1). Right amygdala response was associated with future
depressive symptoms one year post MRI (N = 64 SSRI*, N =2664 SSRI
with follow-up data; Table 1). Furthermore, left (but not right)
amygdala response to fearful-neutral faces formally mediated the
response between SSRI exposure and anxiety symptoms at time of
MRI (indirect effect: 0.014, p < 0.0001; total effect: 0.14, p < 0.0001,
proportion mediated: 9.3% p<0.0001), suggesting heightened
amygdala activity is part of the mechanism that leads from SSRI
exposure to increased anxiety.

These findings show that similar to the rodent findings, in utero
SSRI exposure is associated with increased symptomatology,
increased fear circuit-related brain activation to innately fearful stimuli
and that the amygdala predicts current as well as future depressive
symptomatology, suggesting that the amygdala mediates effects by
which prenatal SSRI exposure leads to increased risk for psycho-
pathology in the offspring.
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Discussion

The present findings demonstrate that elevated 5-HT signaling during
early development increases neurobiological and behavioral innate
fear responses later in life in both mice and humans. In mice, our
behavioral findings add to the wide-ranging consequences observed
after PND2-11 SSRI exposure, including reduced motivation, increased
anxiety-like behavior, impaired fear extinction, and increased
depressive-like behaviors in adulthood®*°*° Importantly, these
phenotypes in mice align well with the increased anxiety, depression,
internalizing as well as externalizing symptoms following in utero SSRI
exposure we observed here in human adolescents. The overlap in
amplified innate fear circuit activation between mice and humans
suggests highly evolutionarily conserved mechanisms of serotonin
sensitivity during late gestation and early postnatal brain
development.

Insight into possible mechanisms underlying altered behavior and
fear circuit activation after developmental SSRI exposure comes pre-
dominantly from mouse studies. Mice exposed to early-life SSRIs
exhibit reduced innervation of the medial prefrontal cortex (mPFC) by
5-HT fibers™ possibly resulting in reduced mPFC top-down inhibition
of the amygdala underlying exaggerated freezing responses in fear
conditioning® >, Moreover, we have found in mice that neurons in the
infralimbic and prelimbic areas of the PFC exhibit altered firing prop-
erties after early-life SSRI exposure, again providing a link to altered
top-down control of amygdala function’®. Similarly, mice with early-life
genetic loss of 5-HT transporter function have less 5-HT innervation of
the amygdala and consequently less direct serotonergic inhibitory
influence via 5-HTIA receptors in this structure*>*.

We can speculate that similar mechanisms may be operative in the
developing human fetus. However, there have been no studies that
have attempted to examine the density of 5-HT innervation in human
brain structures after in utero SSRI exposure. Furthermore, rodents
and higher primates both demonstrate widespread transient expres-
sion of the 5-HT transporter in non-serotonergic neurons during the
mid-gestation and into early infancy®>°. We have hypothesized that
the period of development sensitive to 5-HT blockade in humans
also overlaps both the maturation of 5-HT axon arborization and the
period of transient expression of 5-HTT in non-serotonergic struc-
tures. Hyperactivity in amygdala and insula could be a consequence of
early structural changes in amygdala and insula volume and con-
nectivity observed in human neonates* and childhood* exposed to in
utero SSRIs. Thus, in analogy to our mouse-hypothesis, in utero SSRI
exposure in humans may affect fear circuitry function and psycho-
pathology by decreasing top-down control®. Indeed, hyperactivity in
the insula-amygdala circuit is associated with (increased risk for®)
anxiety disorders®®> which comports with the increased internalizing
symptoms observed in SSRI-exposed children in our study. Impor-
tantly, amygdala reactivity to faces has been associated with future
response to antidepressant medication®.

It is important to note that some brain regions were differen-
tially activated in mice and humans, i.e., mouse cuneate, human
insula, and human temporal structures. These differences could
stem from the olfactory versus visual stimuli used in the mouse and
human task, respectively. Alternatively, these differences could be
the consequence of divergent brain evolution between mice and
humans.

In summary, we have identified an evolutionarily conserved effect
of 5-HTT blockade on fear circuit activation in response to innate fear
cues later in life. Our experimental mouse model can control for
confounding factors, such as maternal depression, comorbidities, and
socioeconomic status (that typically confound the interpretation of
human observational data), and thereby allows for experimental
designs that can establish causality. Mouse to human translation is
hardly ever one to one. Yet, parallel translation to humans shows that
our findings are clinically relevant and ethologically valid. Our findings

across ages furthermore suggest that effects of perinatal SSRI expo-
sure are present in adolescence and persist through adulthood.

Prenatal anxiety and depression adversely affect both mother and
child and motivate the public health efforts to identify and treat these
disorders. SSRIs are a common therapeutic strategy in perinatal
maternal emotional disorders, however the present cross-species data
and prior studies on single species****** indicate that we need more
mechanistic understanding of how pharmacological factors like SSRIs
impact early brain development and later result in maladaptive beha-
viors. In turn this knowledge will enable the development of more
effective treatments that better support the mother and the develop-
ing fetus.

Methods

Mouse study

Ethical permission guidelines and subjects. PetlCre mice on a
129SvEv/Tac background were bred at Columbia Psychiatry, New York
State Psychiatric Institute. All methods were approved by the Animal
Care and Use Committee of the New York State Psychiatric Institute
and in accordance with the NIH Guide for the Care and Use of
Laboratory Animals according to IACUC protocol number 1562. Mice
used for experiments were born from litters containing 2-10 pups.
Mice were separated by sex and weaned into groups of five mice per
cage at P26. Animals were maintained on a 12/12 h light/dark cycle
(lights on at 7:00 a.m.) and provided with food and water ad libitum.
During the perinatal period, postnatal day 2 to 11 (PND 2-11) mice
received daily intraperitoneal injections with either vehicle saline
(PNSAL; 0.9% NaCl, 5 ml/kg) or fluoxetine (PNFLX; 10 mg/kg in VEH,
5ml/kg). This dose paradigm in mice produced therapeutically rele-
vant blood levels 360 + 123 ng/ml in the pups without gross changes in
viability and growth. Multiple cohorts of mice were created for the
various experiments. For innate fear behavioral assessment, we used
female and male mice from at least 4 litters and 7 individuals in each
treatment group. For adolescent fear behavior we used PetlCre mice
on a 129SvEv/Tac background (Male PNSAL n=4, Male PNFLX n=6,
Female PNSAL n =8, Female PNFLX n =5). For adult fear behavior we
used PetlCre mice on a 129SvEv/Tac background (Male PNSAL n=4,
Male PNFLX n =6, Female PNSAL n =9, Female PNFLX n=5. For fMRI
experiments we used Male PNSAL n=38, Male PNFLX n=13, Female
PNSAL n =10, Female PNFLX n=13.

Innate fear behavior. Adult mice were handled for a week prior to
testing to get acquainted with the experimenter. Innate fear behavior
was tested on two consecutive days: habituation and test.

Fear apparatus in adulthood. On the day of testing animals were
brought individually into the behavior room in a transport cage. The
testing apparatus consisted of an air-tight clear plastic chamber that
has a clear lid (12 152 “L x 8 12 “W x 8 12 “H). The animals were tested
individually for 5 minutes during habituation and allowed to explore
the chamber maze. On the following day the animals were tested for
5 minutes in presence of a predator odor. The predator odor consisted
of mountain lion urine (LLC 92012) that was delivered in an odor-
attenuated air flow-controlled chamber. Briefly, predator odor air or
odor-free air was administered via a stopcock valve connected two
Erlenmeyer flasks via different tubing lines. The odor was introduced in
the chamber by placing a piece of filter paper scented with predator
odor (500 pl) at the top of the flask connected with the odor delivery
line. Continuous airflow was maintained through the airtight chamber
at 4 psi via calibration columns. The fear odor experiment was per-
formed under a laminar flow hood and airflow was exhausted from the
building.

Fear testing in adolescence. On the day of testing animals were
brought individually into the behavior room in a transport cage. The
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testing apparatus was the same as above. A predator-like odor, 2-
methyl-2-thiazoline (2MT), was delivered in an odor-attenuated air
flow-controlled chamber. We used 2MT because it has consistent for-
mulation and high potency, and this odor has been previously shown
to induce measurable levels of fear-like behaviors in mice amounting
to 80-90% freezing®°%, The testing started with 2 minutes of odor-less
air followed by 3 minutes of 2MT, and 10 more minutes of odor-less air
(Supplemental Fig. 1).

Manual behavioral scoring and video analysis. A top view camera
(Digital USB 2.0 CMOS Camera, DMK 22AUCO03) was connected to the
ANYmaze software and the animal’s body was tracked throughout
habituation and test tasks in both exposures. All videos in adulthood
and adolescence were analyzed offline using ANYmaze software. The
parameters included in the ANYmaze analysis were total time freezing
(3 seconds immobility threshold), total distance traveled, and latency
to immobility. For manual scoring we used the key function of ANY-
maze and freezing was visually observed as pausing of all mouse
activity including head movement that the automated scoring is not
able to reliably capture. We analyzed early phases during habituation
corresponding to minute 1-2, and late phases from min 3-5. During
predator odor we measure freezing responses to the same habituation
context re-exposure from minute 1-2 and during predator odor from
minutes 3-5.

DeepLabCut tracking analysis. We conducted a more granular ana-
lysis of the adult innate fear behavioral response in our animal model
using DeepLabCut (DLC)®. This software enables estimation of poses
by tracking the animal body parts with high accuracy. Data was
recorded at 15 Hz by one camera: the 640 x 480 pixels images were
acquired with a Digital USB 2.0 CMOS Camera, DMK 22AUCO3. Since
our behavior was uniform overtime, we extracted 280 labels using
K-Means clustering and two independent human annotators blinded
to the treatment were trained to localize the following body parts:
nose, left and right ear, left and right hip, tailbase, and midback. The
tracking consisted of randomly extracted frames for a total of 20
frames from 14 mice scored separately for habituation and predator
odor. We then created a training dataset using a resnet_50 network
and default augmentation method. To train the network we used a
shuffle=1, training index=0, and a 150k maximum iterations, the
point at which the training reached a plateau. To validate the manual
scoring of speed and freezing, we used custom Python scripts to
analyze the DLC output files (csv array with x/y coordinates and
likelihood values for each body part)”. We preprocessed the position
data to correct loss of tracking of animal body parts. We removed
body parts with unrealistic placements (i.e., with a Euclidean distance
larger than the mouse body, ~200 pixels, from the rest of the body
parts) and linearly interpolated their position with the positions
obtained from contiguous frames. We estimated the animals’ speed
using the Euclidean distance of the mid back position between
frames. The speed time series was smoothed individually using a
moving average filter (15 points).

To estimate freezing time, the 10th percentile of the speed dis-
tributions along the entire session was selected as threshold for each
individual animal. Any period with at least 15 contiguous samples (i.e.,
1s) under the threshold was set as freezing time. We defined the
habituation period as 100 ms-2000 ms and the predator period as
2000 ms - 5000 ms relative to the beginning of the recording. We
skipped the early frames since those labels had low likelihood values,
indicating that the mouse was not present in the arena yet. If no
freezing time was identified between the beginning of the habituation
period (100 ms) and the end of the predator period (5000 ms), the
speed threshold was individually incremented. The threshold was
incremented in steps of 5 percentiles until the freezing time across
habituation and predator periods was at least 60 frames (4 seconds).

Functional magnetic resonance imaging (fMRI) during predator
odor exposure

Awake Mouse Imaging System. Presented in Fig. 1A are the different
components of the mouse imaging system showing a radiofrequency
coil and MR compatible restraining system for imaging awake mice
(Ekam Imaging, Boston MA USA). As previously described the awake
mouse imaging system can reliably detect BOLD signal changes irre-
spective of baseline changes between unacclimated and acclimated
animals®®. The quadrature transmit/receive volume coil (ID 38 mm)
provides excellent anatomical resolution, signal-noise-ratio (SNR) for
voxel-based BOLD fMRI. The unique cushioned helmet design of the
holder essentially stabilizes the head in a cushion, minimizing any
discomfort normally caused by ear bars and pressure points used to
immobilize the head for awake animal imaging”. Odorants are deliv-
ered through PE tubing connected to a nose cone built into the tubular
bite bar used to secure the front incisors of the mouse in the head
holder. A movie showing the set-up of a mouse for awake imaging is
available at http://www.youtube.com/watch?v=W5Jup13isqw.

Acclimation. A week prior to the first imaging session, all mice were
acclimated to the imaging system with the head restraint and sounds
typical of the scanner. Mice were secured into their holding system
while anesthetized with 1-2% isoflurane. Following cessation of iso-
flurane, fully conscious mice were put into a ‘mock scanner’ (a black
box with audio of MRI pulses) for 30 minutes for four consecutive
days. Acclimation in awake animal imaging significantly reduces phy-
siological effects of the autonomic nervous system including heart
rate, respiration, corticosteroid levels, and motor movements helping
to improve contrast- to-noise and image quality” %, For some experi-
ments, acclimation training for 10-14 days is likely ample under certain
conditions™. In our experience 4 days has been sufficient*”* and here
we did not detect movement artefacts that would indicate treatment-
specific flight or freezing responses.

Imaging acquisition and pulse sequence. Experiments were con-
ducted using a Bruker Biospec 7.0 T/20-cm USR horizontal magnet
(Bruker, Billerica, Massachusetts) and a 20-G/cm magnetic field gra-
dient insert (ID =12 cm) capable of a 120-us rise time (Bruker)”. At the
beginning of each imaging session, a high-resolution anatomical data
set was collected using the RARE pulse sequence (20 slice; 0.75 mm;
FOV 2.5cm; data matrix 256 x 256; repetition time (TR) 2.1sec; echo
time (TE) 12.4 msec; Effect TE 48 msec, NEX 6; 6.5 min acquisition
time). Functional images were acquired using a multi-slice HASTE
pulse sequence (Half Fourier Acquisition Single Shot Turbo Spin Echo).
With this sequence it is possible to collect twenty, 0.75 mm thick, axial
slices in less than six seconds. With a FOV of 2.5 cm and a data matrix of
96 x 96, the in-plane pixel functional resolution for these studies was
260 pm?’.

Provocation paradigm - odor stimulant. Awake adult mice were
imaged for changes in BOLD signal intensity in response to the odor of
mountain lion urine (PredatorPee Liquid, www.predatorpee.com).
Scans consisted of two epochs: a 4 min “baseline” epoch and an 8 min
“stimulus presentation” epoch for a total of 12 min. In the custom-
designed head restraint described above, the bar that holds the inci-
sors in place functions simultaneously as an odor delivery tube. The
odor delivery tube is connected by polyethylene tubing to an aqua-
rium pump located outside the magnet room. During baseline, all
subjects were presented with ambient air at a flow rate of approxi-
mately 1.5 Ipm. At the start of stimulus presentation, sealed plastic
cups containing the odor (15uL mountain lion urine on a cotton ball)
were placed into the flow stream. Following each subject’s imaging
session, all imaging components were thoroughly cleaned and sani-
tized, and a minimum 10-minute odor clearance period was allowed
between subjects for any residual odor to dissipate. Charcoal odor
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capture canisters were additionally placed around the room to further
aid in clearance of olfactory stimuli.

Image analysis. Images were aligned and registered to a 3D mouse
brain atlas, which is segmented and labeled with 134 discrete anato-
mical regions (Ekam Solutions, Boston MA). The alignment process
was facilitated by an interactive graphic user interface. The following
parameters were applied: Quality: 0.97, Smoothing: 0.35 mm, Separa-
tion: 0.50 mm. Gaussian smoothing was performed with a Full Width at
Half Maximum (FWHM) of 0.8 mm. The registration process involved
translation, rotation and scaling independently and in all three
dimensions. Matrices that transformed each subject’s anatomy were
used to embed each slice within the atlas. All pixel locations of anat-
omy that were transformed were tagged with major and minor regions
in the atlas. This combination created a fully segmented representa-
tion of each subject within the atlas. The inverse transformation matrix
[Ti]-1for each subject (i) was also calculated.

In voxel-based analysis, the BOLD % change of each independent
voxel was averaged for all subjects. It is a sensitive and robust analysis
method that can detect not only changes in signal intensity but also in
number of activated voxels within an ROI, thus differences in spread of
activation®®”*7>, Statistical t-tests were performed on each voxel (ca.
15,000 in number) of each subject within their original coordinate
system with a baseline threshold of 1% BOLD change to account for
normal fluctuation of BOLD signal in the awake rodent brain” 7%, To
address the multiple t-tests conducted, a mechanism for controlling
false-positive detections was introduced’*®’, to ensure that, on aver-
age, the false-positive detection rate remained below 0.05. The for-
mula used was:

P_i<i/V q/c(V)

Where Pi is the p-value from the t-test at the i-th pixel within the region
of interest (ROI) containing V pixels, each ranked based on its
probability value. The false-positive filter value q was set to 0.2 for our
analysis, and the predetermined constant c(V) was set to unity®,
providing conservative estimates for significance. Pixels that were
statistically significant retained their relative percentage change
values, while all other pixel values were set to zero. A 95% confidence
level, two-tailed distributions, and heteroscedastic variance assump-
tions were employed for the t-tests. The median number of activated
voxels in each of the 134 regions between the PNSAL group and PNFLX
group were compared using a Wilcox rank sum test and results were
corrected for multiple comparisons using false discovery rate for 134
comparisons.

Statistical analyzes—mouse study. Data were analyzed using
GraphPad Prism (version 8.4.3). Two-way ANOVA were used for ana-
lysis of variance of Treatment (vehicle vs perinatal fluoxetine), Expo-
sure (habituation vs test), and Time variables. When interactions of
variables were significant a multiple comparison post hoc test was
conducted, and significance was reported in the graph. Significant
main effects of individual variables were also reported in the graph.
Outliers were identified using the ROUT method using a Q coefficient
of 1% and the pairwise comparison was removed from the analysis. All
data are presented as the mean +SEM. Significance was *p < 0.0S;
**p < 0.01; **p < 0.001.

Human study

ABCD study data and IRB ethical permission. For the human
experiments we did secondary analyzes of Adolescent Brain Cognitive
Development™ Study (ABCD Study®) data, a large longitudinal
nationwide study of children recruited from primary and public-school
systems at 21 sites nationwide. ABCD study procedures were approved
by the Institutional Review Board at the University of California at San

Diego, San Diego, CA. Parents provided written informed consent;
children provided verbal assent. The local New York State Psychiatric
Institute and Columbia University IRB approved secondary analyzes of
ABCD data (ABCD Study ID 2008, https://doi.org/10.15154/1528668).
Since phenotypes may only appear in adolescence*’, we used the latest
MRI data available, the two-year follow up data, when the children were
10.6-13.8 years old. The analysis sample was from the NDA’s two year
follow-up release (downloaded through October 2022) and had the
following additional inclusion criteria: biological mother reporting,
data available about prenatal medication use and other prenatal and
birth history as well as full data on other covariates (see below) and two
year follow-up data available from the parent-report child behavior
checklist (CBCL), which resulted in N =95 SSRI* children exposed to
SSRIs in utero and N=3813 SSRI' unexposed children. For analyzes
including an association with BOLD response we also required com-
plete data on the N-BACK fMRI task including behavior and that MRI
scans passed quality control measures as advised by the ABCD study,
resulting in N=68 SSRI" children exposed to SSRIs in utero and
N =2928 SSRI unexposed children.

Procedures and variables of interest. Biological mothers completed
reports on demographics, prenatal history, CBCL about their child,
adult self-report (the equivalent to CBCL for adults, about themselves),
and their own psychiatric history through the family history assess-
ment (see Supplemental Table 12 for detailed variables).

MRI. As reported in detail elsewhere®® children performed the emo-
tional N-back task in the MRI scanner. Briefly, children viewed images
of positive (happy), negative (fearful) or neutral emotional faces or
pictures of places and indicated if the current image was the same as
the previous image (0-back) or as the image they saw two images
earlier (2-back). MRI images were acquired on one of three types of 3T
MRI scanners (Siemens Prisma, Phillips, General Electric 750) using
multichannel coils (Casey et al., 2018). Image processing was stan-
dardized using a preprocessing pipeline implemented by the ABCD
study, previously reported®. Briefly, after preprocessing which inclu-
ded motion correction, registration and normalization to the mean
across time per voxel, task-related activation strength was estimated
through subject-level general linear models using AFNI's
3dDeconvolve®. A gamma function and its temporal derivative were
used to model the hemodynamic response. Beta coefficients and
standard errors of the mean were mapped to FreeSurfer generated
Regions of Interests (ROIs): cortical surface parcellations and sub-
cortical segmentations. A weighted (a function of remaining images
after motion correction) average across two runs was calculated for
final mean beta weights and SEMs for each ROI and contrast. We used
the mean beta weights for the contrast fearful compared to neutral
faces, in a-priori selected regions of interest: amygdala, hippocampus,
putamen, insula, rostral and caudal ACC, cuneus and thalamus. This
contrast collapses over memory conditions, thus averaging out
memory effects, and independently measures BOLD response to
innately fearful stimuli compared to neutral stimuli, similar to the
mouse study®. The regions were selected to translate the mouse
findings (Fig. 2) and/or because in earlier work with neonatal infants*
we had found that the amygdala and the insula were affected. However
we also performed an unbiased whole-brain analysis including all
available ROIs to ensure findings are similar regardless of approach
(Supplemental Table 5)

Measures

Predictor: prenatal SSRI use. Data regarding SSRI use once mothers
knew that they were pregnant were used to make a composite SSRI use
variable. Children were grouped as exposed to SSRI if mothers
reported having used while they knew they were pregnant the fol-
lowing: fluoxetine, fluvoxamine, sertraline, citalopram, escitalopram,
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and/or paroxetine, but did not also use other types of antidepressants
such as bupropion, duloxetine, MAO-inhibitors, tricyclic anti-
depressants, anti-anxiety medication, opioids, antipsychotic medica-
tion, anti-convulsant medication, stimulants or sleep aids.

Because the SSRI exposure had the largest effect size on the
amygdala response, we then selected bilateral amygdala BOLD
response to fearful versus neutral faces as a predictor for symptoma-
tology at time of MRI and at the 1 year time point after MRI (N =2670
had this follow-up data available).

Potential confounders. All our analyzes controlled for birth weight,
child age at the time of MRI, sex assigned at birth, puberty score at time
of MRI, maternal lifetime depression, maternal depression and anxiety
symptomatology at time of child MRI (ASR), maternal age at birth,
maternal race/ethnicity, area deprivation index, maternal education,
combined household income, birth complications, doctors visits dur-
ing pregnancy, pregnancy illnesses, prenatal vitamin use, prematurity,
whether the pregnancy was planned, delivery by cesarean, substance
use knowing of pregnancy of the following substances: caffeine,
tobacco, alcohol, cannabis and cocaine and crack cocaine, oxycodone.
In addition, we added in random effects terms for MRI scanner site and
family relatedness.

For analyzes concerning the emotional N-back fMRI task we
additionally controlled for behavior on the task for neutral and fearful
images (rate of correct responses and reaction time). We performed
sensitivity analyzes and added in child CBCL anxiety, depressive,
internalizing and externalizing symptoms to ensure that effects were
not due to potential differences in symptomatology. To further ensure
that the findings were not solely due to differences in maternal
depression between groups, we selected the subsample of children
whose mothers reported they had ever been depressed and repeated
analyzes of prenatal SSRI exposure on BOLD response in the sub-
sample. We also performed analyzes directly comparing three groups:
in utero SSRI exposed children, children exposed to maternal depres-
sion but not SSRIs and unexposed children.

Statistical analyzes—human study. Analyzes were performed using
R (version 1.4.1717). For descriptive analyzes, chi-square tests were
used for categorical variables, and t-tests for continuous variables.
For regression analysis linear mixed effects models were used using
R-package “Ime4”. Analyzes were two-tailed and adjusted for mul-
tiple comparisons (9 brain regions x 2 hemispheres) with FDR cor-
rections with significance set at pgpg < 0.05. All continuous variables
were standardized, binary variables were not, thus beta values
estimate change in standard deviation of the outcome variable
between groups (similar to Cohen’s D). All analyzes were weighted
by propensity scores to minimize confounding due to differences
between mothers who used SSRIs prenatally and mothers who did
not (see below). Individual BOLD response values were winsorized
to 3 standard deviations from the mean to diminish the influence of
spurious outliers. To investigate sex differences, sex was entered
into the models as an interaction term. When there was a significant
interaction analyzes were also run stratified by sex. Multicollinearity
was of no concern with maximum variance inflation factor quanti-
fying any multicollinearity was 3.5 (for behavioral measures on the
N-back task), where 1 is the minimum and values of 10 and higher
indicate concerning multicollinearity®. Removing the behavioral
N-back variables from the models did not change the results. Med-
iation analyzes were performed including covariates and propensity
score weighting using R-package “mediation” for causal mediation
analysis.

Propensity score weighting. We used propensity score weighting to
generate balancing weights for causal effect estimation. We used
R-package Weightit to balance prenatal covariates between SSRI

exposure and control groups using an ATT (average treatment effect
on the treated) estimand. The list of covariates we balanced were the
following: knowing of pregnancy use of: alcohol, tobacco, cannabis,
caffeine, cocaine/crack cocaine, heroin/morphine, oxycodone, pre-
natal vitamins, pregnancy illnesses, whether the pregnancy was plan-
ned, maternal lifetime depression, maternal age at pregnancy, number
of doctors’ visits during pregnancy, mother’s race/ethnicity, maternal
education. The resulting propensity scores were used to weight par-
ticipants for all linear mixed models. These variables were also entered
into the linear mixed models in a double robust approach®.

Power analysis. For each of the mouse data, we based animal numbers
on an alpha = 0.05, power = 0.80, with variability and effect size from
prior data or if those data were not available with a medium/large
effect size (f=0.5). In the pharmacological manipulation (perinatal
fluoxetine) we assumed at least 30% effect size. Missing data was
addressed by appropriate mixed effects models when possible.

For the human data we used data from an existing cohort study.
We calculated that we were powered to detect small-medium effect
sizes (d ~ 0.35) with a power of 80% and medium and large effect sizes
(d > 0.5) with a power of more than 90%.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
ABCD study data is available for download through nda.nih.gov. Source
data are provided with this paper.
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